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CHAPTER I
INTRODUCTION
The purpose of this study was to investigate the
effect of intense carbon dioxide laser radiation on several reactions involving tetrafluorohydrazine and sulfur
hexafluoride as well as to gain greater understanding of
the SF 6-H 2 electrical discharge chemical laser.
Unimolecular reaction theories are based on detailed treatments of molecular vibrations.

Both the

RRKM ·(1--3) · and the Slater ·(4)· theories of unimolecular
reactions state that a reaction will occur only if the
total vibrational energy of the molecule is equal to or
greater than the bond strength of the weakest bond and
that the probability of reaction increases with vibrational energy of the molecule.

In a thermal environment

a near Boltzmann distribution of vibrational energies is
maintained by collisions.

It seems reasonable that the

amount of vibrational energy could be increased above that
expected from the Boltzmann distribution by absorption of
intense infrared laser radiation and that reaction rate
would thereby be increased.

Vibrational energy should

also be effective in supplying the activation energy of
bimolecular reactions.

Goodman, et al (5)'have used an

adaptation of the Slater theory ·(4) · of unimolecular
1

2

reactions to calculate the rates of dissociation reactions.
'

Their results indicate that laser induced rate coefficients may be several orders of magnitude greater than
thermal rate coefficients.

For example, these authors

calculated that for a sample of molecules with a 15 kcal/
mole bond strength irradiated with 10 8 W/cm 2 Q-switched

co 2 laser pulses 0.1 mm in diameter the laser-induced
rate may be as much as 10 5 times the thermal rate.

This

calculation, however, assumes that it is possible to remove the thermal energy (2 W) from the small gas volume
and thereby maintain room temperature.

The authors con-

cluded that laser enhancement of reaction rate in an experiment such as this would be detectable under the proper conditions.

They suggest that the experiment be

irradiation of a liquid sample under conditions such that
the thermal reaction rate is just beneath the level of
detectability.

Attempts by the authors to quantize the

classical calculations indicate that at low temperatures
the classical calculations give a lower limit for the
degree of laser enhancement of reaction rate.

The clas-

sical calculations also indicate that coherent radiation
is more effective than incoherent radiation in enhancing
the rates of unimolecular reactions.
Another (6) theoretical approach to the problem of
laser enhancement of reaction rate was to solve a linear
quantum-mechanical Boltzmann equation and identify one
eigenvalue of this equation with the unimolecular reaction

3

rate coefficient and other eigenvalues with the scattered
laser field.

These solutions are less readily compared

with thermal rates of real systems, but the authors suggested that the scattered laser radiation may be used to
distinguish between thermal and laser-accelerated reactions.
Other workers have concluded that both unimolecular (7) and bimolecular (8) reaction rates may be accelerated by intense laser irradiation for the proper combination of vibrational relaxation times, absorption coefficients, and reactant gas ~ressures.

It has also been

suggested (9) that both the products and rates of chemical
reactions could be altered to specification by controlling
with an infrared laser the amount of vibrational energy
stored in a particular vibrational mode of a reactant
molecule.
Many of the infrared laser-induced chemistry experiments to date have been performed with cw CO

lasers.
2
The reactions occurring in some of these experiments have
been attributed to vibrational enhancement of reaction
rates; however, these claims have not gone unchallenged.
PH

3

Henry (10--12) and co-workers irradiated SF6, NH 3 ,
and several simple olefins with a 100 W CO 2 laser and

observed several types of chemical reactions.

They attrib-

uted these reactions to heating of the gas which resulted
in normal chemistry.
Brunet and Voignier (13) observed HCl elimination

4
from c 2H5 c1 when irradiated with a co 2 laser (100 W/cm 2 )
and attributed the fast reaction to vibrational stimulation of the reactant.

However, Moore (14) argues that

the temperature within the laser beam must have been on
the order of 1000°K to account for heat transfer to the
walls of the vessel.
for the fast reaction.

This high temperature would account
Goodman, et al (5) make the same

argument; they state that the temperature in the beam
must have been at least 2000°K to

give the necessary

temperature gradient for heat transfer.
Karlov and co-workers (15,16) have observed reactions of Bc1

resulting from co 2 laser irradiation, and
3
Basov and co-workers (17--19) have induced reactions in
several gas mixtures.

Both of these groups attributed

the observed reactions to vibrational excitation of reactants.

However, these experiments are similar to those

mentioned above that were criticized because thermal effects could account for the observed results.
Buchwald, et al (20) observed the cw co 2 laser
pyrolysis of ammonia and their analysis of this experiment
led them to conclude that the observed reactions could be
explained by thermal heating of the ammonia.
Two experiments with infrared lasers other than
co 2 lasers have demonstrated laser enhancement of reaction
rates.

The reaction rate (21) of HCl with K atoms in a

molecular beam experiment increased by approximately a
factor of 100 when the HCl was irradiated with an HCl

5
laser.

In another experiment, Mayer, et al (22) showed

that when mixtures of methanol, deuterated methanol, and
bromine were irradiated with a cw HF chemical laser (~100
W) preferential reaction of the undeuterated methanol occurred.

The temperature in the beam was apparently very

high; however, thermal effects cannot explain the preferential reaction of the undeuterated methanol.
In the next three chapters the effect of intense
CO 2 laser pulses on chemical reactions involving N2F 4 and
SF5 are investigated.

Chapter II includes a general

discussion of the absorption of infrared laser radiation.
This chapter also includes more specific sections on the
absorption of intense

co 2 laser pulses by N2F 4 and SF 6 .

In Chapter III, two laser-initiated reactions of N2F4 are
discussed. These reactions are the laser-initiated dissociation of N2F 4 to NF 2 and the explosive reaction of
N2F4 with H2 . A computer model of these reactions was
used to determine the effect of vibrational excitation of
the absorbing molecules on reaction rate.

Chapter IV is

a discussion of the laser-initiated reaction of SF 6 with
H2 . Here again a computer model was used to investigate
the effect of vibrationally excited reagents on reaction
rate.
The reaction of SF 6 with H may also be initiated
2
very efficiently with an electrical discharge as is done
in the SF 6-H electrical discharge chemical laser. Chapter
2
V discusses a computer model of reactions involved in this

6
laser.

This model was employed to give a greater under-

standing of the processes that occur in the electrical:discharge-initiated reaction of SF 6 with H2 , and to also
serve as a comparison with the laser-initiated reaction
of these two species,

CHAPTER II
ABSORPTION OF LASER RADIATION
Introduction
The first step in any laser-induced chemical reaction is the absorption of the laser radiation by the reactant molecules,

The properties of the laser radiation

and of the absorbing gas molecules that contribute to
the absorption process will be discussed in this chapter.
Experimental results for the absorption of intense

co 2

laser pulses by N2F4 and SF 6 will also be presented,
Absorption and Emission of Light
The decrease in intensity (Iv) of a beam of light
of frequency (v) passing through an absorbing medium of
thickness dt is given by the familiar Beer-Lambert law

div= - Evivdt

(2-1)

where Ev is the absorption coefficient of the absorbing
species at frequency v.

The intensity of the beam after

transversing a distance t in the medium is obtained by
integrating this equation to give

Iv= Ivo exp( - Evt)
where Iva is the incident intensity.

(2-2)
For low light inten-

sities such as most of those obtainable with conventional
light sources, Ev depends only on the number of the
7
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absorbing species.

However, for the higher light inten-

sities obtainable with lasers, account must be taken of
species in the upper state--the state of the molecule
after it has absorbed a photon of light of frequency v.
The beam attenuation will then also depend on radiative
and non radiative processes that affect the populations
of the upper and lower states of the absorbing transition
involved.
In order to predict the effects of a non equilibrium population in the upper state it is necessary to
cast the absorption coefficient in terms of Einstein
transition probabilities.

These fundamental relation-

ships were first developed by Einstein (23) in 1917.
Consider a large number of identical systems
and assume that each system consists of two states, O and
1.

A system in state O can absorb radiation of frequency

v O1 and pass to state 1, or a system in state 1 can emit
radiation of frequency v O1 and pass to state O.

The

radiation frequency is given by
(2-3)

where E1 and E are the energies of states 1 and O respecO
tively. If there are N systems in state 1 and the prob1
ability that a system will emit energy and pass to state 1
is represented by A1O , then the time rate of change of
N1 due to spontaneous emission is
(2-4)

9
where A
is the Einstein transition-probability coef10
ficient of spontaneous emission.
Radiation of frequency v 01 can interact with
the two state system by induced emission if the system
is in state 1 and by induced absorption if the system
is in state O.

The rate of indu ced absorption by systems

in state O is

(2-5)
where u(v

) is the energy density due to radiation of
10
frequency v 10 , and B
is the Einstein transition-pro01
bability coefficient of induced absorption. The rate of
induced or stimulated emission by systems in state 1 is

(2-6)
where B10 is the Einstein transition-probability coefficient of induced emission.
By considering thermodynamic equilibrium, Einstein
showed that

(2-6)
and
~10 = ~ 01
go
gl

where g
states.

0

and g

1

(2-8)

are the statistical weights of the two

The absorption coefficient of a gas at or near v 10
is dependent on the line width of the absorbing transition.
For vibrational-rotational transitions of low pressure

10

molecular gases the dominant line-broadening mechanism
is the Doppler effect.

A brief discussion of Doppler

line broadening will be given here.

(For a more complete

discussion of line broadening see Ref. 24.)
Consider a parallel beam of light of frequency
between v and v + dv and intensity I v that passes through
a layer of molecules of thickness dR..

Suppose there are

N molecules in state 0, oN 0 v of which are moving such
0
that they are capable of absorbing the frequency range v
to v + dv and N molecules in state 1, oN 1 v of which are
1
capable of emitting in the same frequency range. The
change in beam intensity is given by

(2-9)
where the energy density of a parallel beam is related to
intensity by uv = Iv/c.

Equation 2-9 can be rewritten

in the form

L

divov =
I V di

(2-10)

Note from Eq. 2-1 that
Ev

= -

L
Iv

div
di

(2-11)

Equation 2-11 is combined with Eq. 2-10, and the resulting
expression is integrated over y to obtain

where v

0

is the frequency at the line center.

By combining

Eq. 2-12 with Eqs. 2-7 and 2-8 the integrated absorption
coefficient becomes

11
(2-13)
For a Doppler broadened transition

e:v • e:o exp · - · (2(v - v0 )

(2-14)

l1vn

where e:

ie the maximum absorption coefficient of the Dop0
pler-broadened transition, i.e., the absorption coefficient at the line center.
Av 0 • 2v

The Doppler width is given by
• /2kT ln 2

V

(2-15)

Mc:t

where Tis the temperature, Mis the molecular mass, and
c is the speed of light,

The absorption coefficient at

the line center of a Doppler-broadened transition is obtained by integrating over v in Eq. 2-14.

f•vdv • ½Vin

( 2-16)

2 •o~vD.

This expression is then combined with Eq. 2-13 to obtain
EO

=- /ln

v·

~

2

')..OAlOgl/No - Nl \
4~ ~VD \go
gl/

(2-17)

which is the absorption coefficient at the line center of
a Doppler-broadened transition.
This absorption coefficient is a function of the
number of molecules in the upper state as well as the
number of molecules in the lower state.

If the absorbing

medium remains in thermodynamic equilibrium the population
of state 1 will be given by the Boltzmann relation
(2-18)

12

The absorption coefficient, and hence the beam intensity,
may then be expressed only in terms of the concentration
of molecules in the lower state.

However, if the rate of

absorption is fast enough to compete with the processes
that return the absorber from state 1 to state O, the
population of the species in state 1 may be much greater
than the equilibrium population predicted by Eq. 2-18.
This gives rise to non linear absorption effects such as
optical saturation.
Properties of Laser Radiation
Laser theor~.--A discussion of the theory of
lasers and the nature of laser radiation will be necessary
before the absorption of laser radiation is treated further.

Since the lasers used in this work were

co 2

and HF

lasers, this discussion will be confined to lasers that
operate on vibrational-rotational transitions of diatomic
or linear polyatomic molecules.

Because of the avail-

ability of many books and reviews on the subject, only
a cursory treatment will be given here.

(See for example

Ref. 25.)
Let us again consider molecules with two states, 1
and O, separated by energy
(2-19)
Note from Eq. 2-17 above that if there are more molecules
in state 1 than state O the absorption coefficient becomes
negative.

The negative absorption coefficient becomes

13

the gain coefficient or
(l\l

=-

Ev

= - ~A 5A1og1/N1

V;

tivD

\ gl

- ~ )

(2-20)

go

From Eq. 2-2, the intensity of a beam of light
passing through the medium will be
(2-21)

The incident beam will therefore be amplified instead of
attenuated as it passes through the medium.

Note that

high incident intensity and a population inversion (N 1 /g 1 >
N0/g 0 ) favor amplification. It is from this light amplification phenomenon that the laser derives its energy and
its acronym--~ight Amplification by ~timulated Emission
of Radiation.
The laser oscillator operates by amplifying spontaneous emission and feeding some fraction of the radiation back into the cavity to maintain the radiation flux
and by extracting the remainder as the laser beam.

Among

the properties characteristic of laser radiation are a
high degree of coherence, narrow spectral linewidth and
the high radiation intensities that are attainable.
Intensity.--From the point of view of initiation
of chemical reactions, the intensity of laser radiation
attainable is more important than other features such as
coherence or linewidth.

Intensities of the order of

several megawatts per square centimeter over fairly large
areas are readily attainable with several types of lasers.

14
The

co 2

laser used in these experiments was capable of

emitting up to one joule in a few microseconds.

The peak

power obtainable was on the order of a megawatt.

The HF

chemical laser discussed in Chapter Vis capable of emitting pulses with peak power (26) as high as 35 MW.
Coherence and line width.--The volume of coherence
of a radiation field is defined as the volume within which
any two points have an average phase relation that is maintained over time.

This phase relation is manifested as

interference effects.

The coherent volume can be thought

of as a coherence length, tc and a coherence area, Ac.
The coherence length is the length of the coherence volume along the direction of light propagation.

It is rel-

ated to the average coherence time, <t C >, by
(2-22)
where c is the speed of light.
measure of "temporal coherence."

The coherence time is a
Lasers normally have

a high degree of temporal coherence.
Frequency and coherence length are Fourier transform
pairs (27); therefore, the coherence time and linewidth
are related by
(2-23)
Nishihara and Kranast (28) have measured the linewidth of the P(20) transition of a helical TEA CO 2 laser at
10.6 µ. They concluded from their measurements that the
linewidth of the laser pulse was near 11 MHz and that it .

15
was no less than 1 MHz.
length.)

(This limit was set by the pulse

The linew1dth of the

co 2

laser used in the

experiments discussed in this and subsequent chapters was
probably also near 11 MHz since the two lasers are similar in many respects.

This linewidth of 11 MHz corre-

sponds to a coherence time of 0.090 microseconds and a
coherence length of 27 m.

This can be compared to a

coherence length of 4.2 m for a Doppler-broadened transition in

co 2

at 10.6 µ and 500°K, and with a coherence

length of 3 or 4 wavelengths for white light.
The coherence area is a measure of "spatial coherence."

Lasers normally have coherence areas on the order

of the laser spot size.

For

co 2

lasers the degree of

spatial coherence may be significantly reduced if the
laser is oscillating on more than one vibrational-rotational transition or on more than one cavity mode (29).
Nonlinear Effects Associated with the Absorption
of Infrared Laser Radiation
Optical saturation.--From Eq. 2-17 it may be
noted that if the radiation incident on the absorbing
medium is intense enough to raise the absorbing molecules
from state Oto state 1 more rapidly than other processes
return the molecules to state O the absorption coefficient
will approach zero.

This effect is called "optical

saturation" or "bleaching."
Wood, et. al. (30) have presented a model for the

16
saturation of infrared absorption in a molecular gas.
Their model consisted of two distinct groups of vibrational-rotational energy levels.

The lower group of levels

consisted of the energy level that absorbed the laser
radiation and all rotational sublevels that were connected
to the absorbing level by rapid relaxation processes.
The upper group of energy levels consisted of the level
that was populated by the absorbed laser radiation and all
rotational sublevels that were olosely coupled to it.
Closely connected vibrational levels were also included
in these groups.
Four rate equations were formulated to describe
the energy transfer processes that occur during the absorption of laser radiation.

There was one equation for

each of the two groups of energy levels and one for each
of the two individual levels that interacted with the
laser radiation.

These rate equations were solved by

digital computation to predict the saturation behavior of
by the P(20) line of a ow-co laser. They obtained
2
0
reasonably good agreement with experiment for the transSF

mitted intensity of a laser beam through one torr of SF 6 .
Other workers (31, 32) have formulated similar
models to explain infrared laser saturation in molecular
systems.

A number of the effects that must be considered

to explain the saturation of vibrational-rotational transitions and related absorption phenomena are discussed
below.

Some of these effects are discussed in greater

17
detail in the previously mentioned publications (30--32),
or by authors (33--35) who have analyzed absorption of
laser radiation by electronic transitions.
Rotational relaxation.--Rapid rotational relaxation has two effects on the optically coupled energy
levels.

The lower level is replenished by rapid relax-

ation of the rotational sublevels of the ground vibrational state.

Similarly, the population of the upper level

is depleted by rapid relaxation of the rotational sublevels of the upper vibrational state.

For large poly-

atomic molecules with many closely spaced rotational
states, there is a change of rotational state on nearly
every collision.

However, in simpler molecules, where

the number of rotational levels per frequency interval
is less, the rate of rotational relaxation is slower.

For

example the number of collisions per change of rotational
state in HCl is seven (36).

The authors of Refs. 31 and

32 concluded that rotational relaxation is one of the
most important effects that occur during the absorption
of high power laser pulses.
The rotational structure of the absorbing molecule
also determines the fraction of molecules that are in a
state that can absorb radiation of a particular frequency.
For example, this fraction (32) is approximately 0.003
for SF~ at several CO

laser frequencies near 10.6 µ.
2
Conversely, this fraction may be greater than 0.1 for

small diatomic molecules at resonance frequencies.
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Vibrational energy transfer.--There are several
vibrational energy transfer processes that may affect the
populations of the upper and lower states of the absorbing
transition.

Among these are:

1.

Vibrational-translational energy transfer,

2.

Intermolecular vibrational-vibrational energy

transfer,

3.

Intramolecular vibrational-vibrational energy

transfer, and

4.

Radiative transitions.

By assuming a simple linear model of a molecular
collision with an exponential intermolecular potential,
Landau and Teller (37) obtained a classical estimate
of the probability that the average molecular collision
would deactivate a vibrationally excited diatomic molecule.

/

This probability, P, for a potential, c exp(-ar), is
p = k exp

I

-

\

7T 2 (

6E)

2m \

2~ 2h ~kT )

1/ 3 .

(2-24)

where k is a constant, AE is the vibrational energy of
the excited state, and mis the reduced mass of the
collision partners.
Schwartz, Slawsky, and Hertzfeld (38) later expanded the theory to include gas mixtures and polyatomic
gases.

They also showed that the quantum-mechanical ex-

pression for collisional de-excitation probability differed from Eq. 2-24 only by a constant in the exponent.
These theories have been successful in predicting
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vibrational relaxation rates in some gases but have
failed for some types of molecules such as those containing hydrogen or molecules with large dipole moments.
Moore (39) has suggested that vibrational to rotational energy transfer is important for molecules with low
moments of interia such as hydrogen containing molecules.
His compilation of vibrational relaxation data for a
large number of hydrogen containing molecules supports
this suggestion.

Shin (40) predicts enhancement of the

energy transfer rate of polar molecules at low temperatures.

This enhanced rate is due to orientation and at-

traction effects during slow collisions of polar molecules.
The effect of polar attractions on vibrational relaxation
is also demonstrated by the correlation of relaxation
times of hydrogen halides with the tendency to form dimers
(41).

The rate of vibrational relaxation of HF by argon

at 294°K is 1500 times slower than the V-T relaxation rate
of HF by HF (42,43); this difference may be largely due to
polar effects.

A more detailed treatment of V-T energy

transfer processes can be obtained elsewhere (44--46).
The theory of intramolecular and intermolecular
V-V energy transfer processes is less well developed than
the theory of V-T transfer processes.

However, a knowl-

edge of V-V energy transfer processes is essential for the
understanding of chemical and molecular lasers.

For this

reason these processes have been extensively studied in
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recent years, and there are therefore a large number of
experimental results and some recent reviews (46,47) on
the subject.
Near resonant V-V energy transfer processes are
usually more rapid than V-T transfer processes.

These

processes, therefore, play an important role in the absorption of intense 1aser radiation since they remove molecules from the vibrational state that is populated by the
absorbed radiation.
The rate of depletion of vibrationally excited
states by spontaneous radiative transitions is negligibly
slow compared to the rates of collision processes.

For

example, the radiative lifetime of the 10.6 µ transition
in SF

is greater than 19 msec (48) while collisionally
6
induced transitions occur in microseconds or less for

pressures above a few torr.
Excited state absorption.--Vibrationally excited
states of molecules that are populated by the radiation
absorption and by subsequent V-V energy transfer processes may also absorb the laser radiation.

Frequency shifts

due to molecular anharmonicity limit the number of absorption transitions from vibrationally excited states that
absorb the laser frequency.

However, by judicious choice

of the laser frequency or by accidental good luck, the
absorption coefficient at the laser frequency may actually
increase at some point as the laser intensity is increased.
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This effect has been observed in both SF

6 (49,50) and

ethylene (51) and is due to strong absorption from vibrationally excited states.
Doppler effect.--If the frequency width of an
intense laser beam is less than the Doppler width of an
inhomogeneously broadened absorbing transition, saturation in just part of the absorption line, or "hole burning," may occur.

That is, only those molecules with the

proper velocity component in the direction of the laser
beam will participate in absorption of the radiation.
Skribanowitz and co-workers have used this effect to
predict (52) and observe (53) optically pumped, unidirectional lasing on HF rotational transitions.
Coherent effects.--It may be that the absorption
of the laser radiation is affected in some way by the fact
that the laser radiation has a greater degree of coherence
than conventional light sources.

It is likely that such

effects could only be distinguished from effects caused by
nonlaser light if the time between phase changing collisions of a molecular oscillation were significantly
greater than the coherence time of conventional light
sources.

For the case of SF

6

irradiated with light at

the CO

laser frequency, the time between collisions is
2
approximately the same as the coherence time of spontaneously emitted light if the SF 6 pressure is slightly less
than one torr. Coherent effects from the absorption of
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CO2 laser radiation would therefore probably be distinguishable only at pressures significantly less than one
torr.
This is indeed true for one such effect, selfinduced transparency.

The effect is observed at pres-

sures in the millitorr region (54) but it is not required
to explain laser absorption at higher pressures (35)
of SF 6 • Coherent effects are probably not significant at
the gas pressures used in this study, but they should not
be eliminated from consideration.
Experimental
Carbon dioxide laser.--A transversely excited
atmospheric pressure (TEA)
experiments.

co 2 laser was used in these

The laser was a modification of the original

pin cathode TEA CO 2 laser design (55). The laser cathode
consisted of an array of Boo pin electrodes arranged in
five rows.

The distance between pins within each row and

the distance between adjacent rows was about 0.63 cm.

The

pins were individually ballasted with 1.0 kO resistors.
The copper anode was separated from the ends of the pins
by about 2 cm.

The gas volume excited by the electrical

discharge was approximately 100 cm x 2,5 cm x 2 cm.
The optical cavity of the laser was defined by a
totally reflecting concave mirror with a ten meter radius
of curvature and by a germanium flat with an antireflective
coating on one surface.

The separation of the two mirrors
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was 1.5 m, and the transmittance of the germanium output
coupler was 74%.
The laser power supply consisted of a 60 kV Marx
bank of two 0.1 µF capacitors.

(See Fig. 1.)

The Marx

bank configuration doubled the voltage stored on the capacitors by charging them in parallel and discharging them
in series.
A mixture of He, CO 2 , and N was flowed through
2
the discharge region of the laser at Los Alamos atmospheric
pressure (~580 torr).

The maximum laser energy per pulse

was obtained with a gas ratio of He:co 2 :N 2 = 30:2:1.
Removal of the nitrogen from the gas mixture reduced the
laser pulse width; however, the peak power remained about
the same.

Figure 2 shows typical laser pulse shapes for

gas mixtures with and without nitrogen.

The maximum

energy obtainable per pulse was approximately 1 J with
nitrogen and 0.3 J without nitrogen.
The multimode laser spot at the germanium output
coupler was a nearly uniform rectangle, 3.0 cm by 1.5 cm.
Lasing occured at the

co 2 P(20), 00°1 to 10°0 transition

at 10.591 µ with minor contributions from the adjacent
P(22) and P(lB) transitions.

Gases and gas handling.--The tetrafluorohydrazine
(N 2F 4 ) used in these experiments was determined mass spectrometrically to be 97.2% pure.

The identifiable impuri-

ties were N2 (1.4%), N2o (0.5%), N2F 2 (0.4%), NO (0.2%),
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Figure 2.--a. Pulse shape of the co_; laser using
the gas ratio co 2 :He = 2:30. b. Pulse shape of the CO 2
laser using the gas ratio N2:co 2 :He • 1:2:30.
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co 2

(0.2%), and other (~0.1%).

The purities of other gas-

es used were SF 6 (99,8%), Ar (99,99%), CO (99,5%), N2
2
(99,9%), and He (99,995%), The N2F 4 was supplied by Rohm
and Haas Company, Huntsville, Alabama.

The other gases

were obtained from Los Alamos Scientific Laboratory gas
plant.

All gases were used without further purification.
The gases for the

co 2

laser were monitored with

flow meters, mixed in a gas manifold, flowed through the
active region of the

co 2

laserJ and finally, exhausted

to the atmosphere.
The gas handling system for those gases that were
used in the absorption (and reaction initiation) experiments consisted of copper tubing lines, brass and stainless steel valves and fittings, and a stainless steel
mixing vessel.

The gas pressures were measured with a

Texas Instruments Model 145 precision pressure gauge.
A cylindrical stainless steel cell 2.8 cm long
and 1.8 cm 1.d., was used for absorption measurements.
The cell had barium fluoride windows on each end to transmit the laser pulse and three quartz windows, one on each
of two sides and one on the top, that were for diagnostics
not employed in the absorption measurements.

The cell

also had three inlet valves for introducing and exhausting
gases.

There were no detectable gas leaks in the cell,

and the entire gas handling system was capable of maintaining a pressure of less than 0.02 torr.

The cell was

always flushed with the gas to be used in the experiment
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immediately before any absorption measurements were made.
Detection instrumentation.--In order to perform
the laser absorption experiments it was necessary to know
both the incident and the transmitted laser energy.

A

knowledge of the temporal pulse shape was required to
estimate the laser intensity in the gas.
A Hadron Model 100 thermopile was used to determine the incident laser energy.

A small fraction of the

laser beam was deflected to this detector with a barium
fluoride flat.

The thermopile was calibrated against the

Quantronix energy-power meter with an empty absorption
cell.
A Philco Model GPC-216 side viewing infrared
detector was used to detect the time-resolved laser pulse.
This detector was equipped with a 1 mm 2 sensitive area of
photoconductive gold-doped germanium.

The detector was

operated at 77°K with a terminating resistance of 51

n.

(See page 41 of Ref. 56 for a diagram of the biasing circuit of the gold-doped germanium detectors used in these
experiments.)

The response of the infrared detector was

displayed on a Tektronix 556 dual-beam oscilliscope and
photographed with a polaroid camera.
The transmitted laser energy was measured with
either a Quantronix Model 504 energy-power meter or a
Coherent Radiation Model 201 power meter.

Both of these

meters were calibrated against a Scientech, Inc. 3620
power/energy indicator (accuracy± 3%) which was used
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as the energy measurement standard for all experiments
discussed in this and subsequent chapters.

The estimated

accuracy of the energy measurements was± 5%.
cision obtained with the Quantronix

The pre-

energy-power meter,

however, was near± 2%,
Figure 3 is a schematic diagram of the absorption
cell and associated detection equipment for the N2F 4
absorption experiment.

For the SF 6 absorption experiment
the thermopile was replaced by the AuGe infrared detector;
the incident laser energy was obtained by graphic integration of the oscilliscope trace of the laser pulse; and the
Coherent Radiation power meter was used to measure the
transmitted laser energy.
Absorption of

co~ Laser Radiation
~--J:faFll

The N2F4 molecule consists of two NF 2 radicals
joined by a weak (57) (20 kcal/mole) N-N bond with an angle
of rotation (58) between the NF 2 groups of about 65°,
molecule then belongs to

c2

The

point group and has twelve

infrared active vibrational modes.
The infrared spectrum of N2F 4 has been reported by
several authors (59,60,61), and a complete vibrational
analysis has been made by Durig and Lord (60).

The

co 2

laser frequency (P[20], 944 cm- 1 ) falls within an intense
group of partially overlapping bands between 920 and 1100
cm-

1

The

co 2 laser radiation is probably absorbed by the

-

BaF2 Flat

Laser Beam

Path

~

/

Hadron Model
.----100 Thermopile

CO 2 Laser

ZZZZZZZZZZZZZI
M5

V///////////////

Absorption Cell ~

Quantronix Model 504
Energy Power Meter
Figure 3.--Schematic diagram of apparatus for measurement of absorption
of co 2 laser radiation by N2F4. The M's are totally reflecting mirrors.
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nearest band centered at 946 cm- 1 which was assigned by
Durig and Lord (60) to normal mode v 9 , an NF 2 symmetric
stretching vibration. There may also be contributions
from adjacent bands at 959 and 933 cm- 1 •

These bands were

assigned respectively to normal modes v 8 , an NF antisym2
metric stretching vibration, and v 3 , the N-N stretching
vibration.

Moskvitina, et al (59) disagree with the lat-

ter assignment.

These authors assign all bands in this

region to NF stretching vibrations and assign the band at
738 cm-

1

to the N-N stretching vibration.

The absorption coefficient, av, of N2F 4 at 944 cm- 1
3
of 2,3 x 10- cm- 1 torr- 1 was calculated from the published
spectrum of Durig and Lord (60), where avP equals Ev of
The difluoroamino free radical (NF 2 ) is present
in small quantities at room temperature, and it is pro-

Eq. 2-2.

duced in larger quantities during the laser pulse.
Chapter III.)

(See

Therefore, it may also absorb the laser

radiation since it has an intense absorption band (61)
centered at 930.7 cm- 1 •
A study was made of the absorption of intense CO 2
laser pulses by pure N2F 4 and by 20% N2F 4 in argon. The

results of this study are shown in Fig. 4.

The laser

pulses for these absorption measurements were similar to
the pulse shown in Fig. 2a (short pulse).

The irradiated

area and pulse energy were such that the peak laser intensity ranged from about 0.3 to 0.6 MW/cm 2

•

The quantity

I 0/I in Fig. 4 is the ratio of incident to transmitted

•

•

I
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Figure 4.--Absorbance versus N~F~ pressure for 2.8 cm
2
path length at 10.6 µ. a. co 2 laser ~ulses (0.3 to 0.6 MW/cm)
absorbed by N~F, .• b. CO- laser pulses absorbed by 20% N F in
2 4
Ar. c. Low !n~ensity light absorbed by N F (60).
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laser energy.

The path length was 2.8 cm for the laser

experiments (Curves a and b) and the low intensity absorbance (Curve c) was plotted for a 2.8 cm path length.
Saturation effects are readily apparent from this
For example, the percent transmittance at 30 torr

figure.

is approximately 2.5 times lower at low intensity (Curve
c) than it is with intense laser pulses in pure N2F4
(Curve a). This factor is reduced to 1.5 when the N2F4
is diluted with 80% argon (Curve b).

The difference

between Curves a and bis most likely due to the increased
rate of rotational (and vibrational) relaxation at the
higher gas pressure.
The results shown in Fig. 4 were used to calculate
the amount of energy absorbed by N2F4 in the laser-induced
chemistry experiments discussed in Chapter III.
Absorption of co~ Laser
Radiation by SF6
~

A large fraction of the experimental and theoretical investigations of nonlinear absorption effects induced
by intense

co 2

therein.)

This species is ideally suited to absorption

laser radiation was performed on the SF 6
molecule (35,50,62). (See also Ref. 49 and papers cited
studies with the P(20) and adjacent CO

2

laser transitions.

The laser radiation is absorbed by the triply degenerate

3 vibrational mode. This strongly absorbing transition
has a low intensity absorption coefficient (35) at the

v
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P(20) frequency of 0.46 cm- 1 torr- 1 •

Saturation effects

are observable with laser intensities as low as a few
watts per square centimeter for pressures of the order
of one torr.
Most of the co 2 laser absorption studies have been
performed with radiation intensities less than 100 W/cm 2 ;
however, Armstrong and Gaddy (63) have reported saturation
effects in SF 6 with laser radiation intensities up to
several megawatts per square centimeter, Three different types of absorption behavior were observed that
depended on the wave length of the laser radiation.

With

co 2 laser lines from P(lO) to P(l6) large increases in
percent transmittance with increasing intensity were observed.

At the wavelengths of these lines the absorption

coefficients of excited states are less than ground state
absorption coefficients since anharmonicity decreases the
vibrational spacing in vibrationally excited molecules.
Consequently, vibrationally excited states populated by
the absorbed radiation do not contribute significantly to
the absorption process.

The opposite effect was observed

for longer wavelength laser pulses (P[26]).

As the inten-

sity increased the transmittance decreased.

This effect

was due to the relativly larger absorption coefficients of
the vibrational states populated by the laser.

At inter-

mediate wavelengths (P[20] and P[22]) the transmittance
remained nearly constant as the intensity was increased
from 10 5 to near 10 6 W/cm 2 for 12.04 torr of SF 6 in a 4 cm
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Near 10 6 W/cm 2 the transmittance increased sharply

cell.

with increasing intensity.

The authors suggested that

the reason for this increase may be due to saturation of
the excited state absorption, or possibly to some other
nonlinear effect such as self-induced transparency.
Figure 5 shows results of measurements of intense
laser radiation absorption by SF .

6

The SF

used in these

6
measurements was diluted with H2 (20% sF ), and the peak
6
laser intensities were within the range of 0.2 to 0.3 MW/
cm 2 •

The laser pulse shapes were similar to that shown

in Fig. 2b, and the lasing transition was P(20) with
minor contributions from adjacent lines.
Saturation of the absorbing transition is readily
apparent from comparison of the laser absorbance (Curve a)
with the low intensity absorbance (Curve b) plotted in
Fig. 5.

Note for example at 2 torr that SF 6 was nearly
completely transparent to the laser pulse, but that the
same sample transmits less than 10% of low intensity

radiation.
These results are consistent with the results
of Armstrong and Gaddy (63) insofar as they can be compared.

At low pressure (high intensity per molecule) the

SF 6 is bleached nearly to transparency, and at higher
pressure (lower intensity per molecule) the SF
larger absorbance.

6

has a

This is consistent with the results

obtained by Armstrong and Gaddy (63) with the P(20)
laser transition pulses.

co 2

10

t-t

'H
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Pressure ( torr )
Figure 5.--Absorbance versus SF pressure for 2.8 cm path length at
10.6 µ. a. CO ? laser pulses (0.2 to 0.j6 MW/cm 2 ) absorbed by 20% SFr0 in
H2 . b. Low intensity radiation absorbed by SF 6 (35).
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These results were used to determine the amount
of energy absorbed by SF 6 in the laser-driven reaction
experiments discussed in Chapter IV.

CHAPTER III
LASER-INITIATED REACTIONS OF N2F4:
DISSOCIATION AND REACTION WITH H

2

Introduction
Tetrafluorohydrazine (N2F4).--Colburn and Kennedy
(64) first synthesized N2F 4 by passing nitrogen trifluoride

over hot copper.

The reaction proceeded as follows:

NF

3

+ Cu

350°

CuF + NF 2

(3-1)

on cooling the difluoroamino free radical dimerized to
form N2F 4 . It was later established by Colburn and coworkers (65--67) that this compound actually exists as
an equilibrium mixture
(3-2)
Studies of this equilibrium indicate that the N-N
bond strength in N2F 4 is 19.8 ± 1.0 kcal/mole (68,69).
(See also papers cited in Ref. 69). This value when
coupled with the entropy change of 39.9 e.u. for Reaction
3-21 gives the following for an equilibrium constant:
K(T) = 6.41 x 10 6 T- 1 exp( - 9965/T) moles/cm 3 •

(3-3)

The dissociated fraction of N2F 4 at 100 torr pressure and
300°K is then 0.08%. This fraction is 95% at 100 torr
pressure and 500°K.
37
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Rates of dissociation of N~F,.
c- , and NF 2 .--The reaction rate law obeyed by gaseous dissociation reactions
depends on the pressure at which the reaction occurs (1).
At high pressure the rate of dissociation depends only on
the concentration of reactant and is independent of total
pressure.

That is, at high pressures dissociation reac-

tions obey a unimolecular rate law.

At low pressure the

rate is proportional to the total molecular concentration
as well as to the concentration of the reactant.

That is,

in the low pressure limit a bimolecular rate law is obeyed.
At intermediate pressures there is a falloff or quasiunimolecular region where the rate law is changing from
unimolecular to bimolecular.

This falloff region usually

occurs at low pressure for complex reactants and at high
pressures for simple reactants.
The rate of dissociation of N F to NF has been
2
2 4
measured (70,71) in shock-heated gas mixtures. The authors
of Ref. 70 made rate measurements at temperatures between
344° and 410°K and total pressures between 0.6 and 6.0 atm.
Over this pressure range the dissociation rate was quasiunimolecular with a unimolecular limit slightly above 6
atm.

The transition to a bimolecular rate law occurred at

about 3 atm.

The rate measurements of Ref. 71 were made

at temperatures between 350° and 450°K and total pressure
between 0.58 and 2.7 atm.

These authors observed a bi-

molecular rate law over this pressure range.

The disso-

ciation reaction was first order in N F and first order
2 4
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in total concentration.

All of the experiments discussed

in this chapter were performed at low pressures (less than
0.5 atm).

This was definitely well within the pressure

region of the bimolecular rate law for thermal dissociation of N2F4.
The N-F bonds in NF 2 (and N F ) are much stronger
2 4
than the N-N bond of N F . The enthalpy change for re2 4
moval of the first fluorine atom from NF 2 is 66 kcal/mole

(72) and for the second, 72 kcal/mole (72).

The dis-

sociation of NF 2 has been investigated (73--76) by shocking gas mixtures containing N F to temperatures greater
2 4
than 1400°K. At these high temperatures N2F dissociates

4

rapidly and completely to NF , and the subsequent dis2
sociation of NF can thus be investigated. Mass spectro2
metric (73) data indicate that the initial reaction of
NF 2 + M +NF+ F + M

and that this reaction is followed
2NF

+

(3-4)

by

2N 2 + 2F.

(3-5)

It was also suggested that the disproportionation reaction

(3-6)
may occur.
The work of Modica and Hornig (74) supports Reactions 3-4 and 3-5 as the NF 2 dissociation mechanism.
These authors measured the rate of Reaction 3-4 and presented evidence that Reaction 3-6 was not important.
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Reaction of N

E4 with H2 .--Gas mixtures contain-

ing N2F4 and H2 react explosively to form HF, N2 , and
other species that depend upon the initial reactant ratio.
These explosions tend to occur spontaneously at room temperature unless the gas mixture contains a small amount of
hydrocarbon inhibitor.

Kuhn and Wellman (77) have inves-

tigated the thermally initiated explosive reactions of
these gases.

The experiments were performed in a pyrex

reaction vessel coated internally with Kel-F oil.

The

coating greatly increased the reproducibility of the
experiments, apparently by decreasing the rate of radical
destruction at the walls of the vessel.

The reaction

products were analyzed by gas chromatography, infrared
spectroscopy and ultraviolet spectr0.scopy.

The reaction

products depended on the initial reactant ratio.

For

When the
ratio was decreased to H2/N 2F 4 = 1, the products also included F 2 , and for a reactant ratio of 0.5 the products
included NF

as well as HF, N , and F .
2
2
3
The reaction mechanism suggested by these authors

was a chain reaction with the following as chain-initiating
reactions:

(3-7)
(3-8)
Their suggested chain-propagating reactions included
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N2F4 + H +HF+ N2F 2 + F
F + H +HF+ H 6H
2

6H = - 118 kcal/mole
= -

31 kcal/mole.

(3-10)
(3-11)

For N2F 4-rich mixtures the following reactions were suggested to account for the production of F 2 and NF :
3
F + N2F 2 + F 2 + N2 + F 6H = - 19 kcal/mole (3-12)
N2F 2 + NF 2

+

F + NF 2

NF
+

3

NF

+ N + F
2

3

6H = - 41 kcal/mole (3-13)

6H = - 58 kcal/mole.

(3-14)

The suggested chain~erminating reaction was
H + F + M +HF+ M.

(3-15)

Kuhn and Wellman (77) also investigated the efficiency of several different hydrocarbon inhibitors.
They found that all of the hydrocarbons investigated inhibited explosions, however; olefins were more efficient
inhibitors than saturated hydrocarbons.

The efficiency of

the olefins increased with the number of allylic hydrogens
on the molecule.

The hydrocarbons inhibit the explosion

by removing H atoms from the medium.

The H atoms may add

across the olefin double bond or abstract an H atom from
the olefin (or saturated hydrocarbon).
Schott and co-workers (78) have made a shock-tube
study of the reaction of N2F 4 , H2 and an inhibitor (cis-2butene) in an argon diluent at high temperatures. These
workers found that there was a temperature region of unstable, sporadic reaction and a higher temperature region
where reaction was stable and reproducible.

For a mixture

of 2% N2F4, 1% H2 and 0.05% butene in an argon diluent
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the unstable region was from 780° to 1700°K, and above
1700°K the reaction was stable and rapid.

These results

indicate that the explosive reaction is ignited by formation of F atoms from dissociation of NF 2 since stable
reaction occurs only when the temperature is high enough
for Reaction 3-4 to occur rapidly, and Reaction 3-8 does
not play a significant role in the high temperature ignition of the explosion.
Turner and Pan (79) have reported N F + H2 explo2 4
sions initiated by a pulsed CO laser in conjunction with
2
an electrical discharge. These experiments were designed
to test the possibility of enhancing laser out-put from an
N2F 4-H 2 electrical discharge chemical laser by heating the
gas with co 2 laser pulses. In all cases investigated,
the laser pulses decreased HF laser output energy.
also reported that explosions could

.
be

It was

initiated without

electrical discharge if conditions were right.

However,

a detailed investigation of laser-initiated explosions of

Computer modeling of reactions involving N2E~---In
order to assess the effect of laser radiation on the dissociation rate of N F to NF2 ,as well as on the more com2 4
plex reaction of N2F 4 with H2 , a computer model of these
reactions was employed.

The Gear (80) method of numerical

solution of simultaneous first order differential equations
was used to solve the rate equations of the reaction model.
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Appendix A summarizes the reactions and rate coefficients
of the N F dissociation and N F -H reaction model.
2 4 2
2 4
A major reason for investigating laser-initiated
reactions was to determine if vibrational excitation produced by absorption of intense laser radiation accelerated
the dissociation rate of the excited molecules.

In order

to simulate the effect of vibrational excitation on the
dissociation rate of N F and NF , a vibrational tempera2
2 4
ture was defined that included all of the vibrational
modes of both N2F 4 and NF • This vibrational temperature
2
was used in the rate coefficients of these two dissociation reactions and was coupled to the translational (and
rotation) temperatures by an estimated vibrational relaxation time.
The assumption of a vibrational temperature that
includes all of the vibrational modes of both species
implies that the rate of vibrational-vibrational energy
transfer among these modes is fast compared to the rates
of processes such as vibrational-translational energy
transfer, molecular dissociation, and absorption of laser
radiation.

We will see later that this assumption is pro-

bably not valid under some of the conditions employed in
these experiments.
An independent variable was included for each of
the molecular species of the reaction model.

Each of the

lower nine vibrational states of HF and each of the lower
three vibrational states of H2 were considered to be
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separate species.

The temperature and the N2F4-NF vib2

rational temperature were also independent variables.

The HF laser gain on several vibrational-rotational transitions was calculated by using
a \I •

-

AoAv,v-1 3

~

V~

6 \ID

Nv exp(-BJ(J ~l)hc) - Nv-1 exp(-BJ(J ~/)he)]

(3-16)

which is the Patel (81) gain equation for P-branch transitions of linear and diatomic molecules.

This expression

is obtained from Eq. 2-20 by assuming an equilibrium distribution of the rotational sublevels.

The Einstein coef-

ficient Av,v-l, was obtained from calculations (82) which
were compared with experimental absorption coefficients
(83) and were found to be in good agreement.

In Eq. 3-16

Nv is the total number density of vibrational state v, J
is the rotational quantum number of the lower vibrational
state, and Bis the rotational constant.
The laser energy absorbed by the N2F4 was assumed
to be deposited directly in the vibrational modes of N2F 4
and NF . The amount of energy absorbed was calculated
2
from the expressions
A= 0.0039 JI.P
A= 0.0078 JI.P
where A is absorbance,
pressure.
Curve a.

(P < 18 torr)
0.07 JI.

(P

>

18 torr)

(3-17)

is path length, and Pis N F
2 4
These expressions were taken from Fig. 4,
JI.

The absorbed power was assumed to be proportional

to total laser pulse power.
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Experimental
The apparatus used for these experiments was essentially the same as was described in Chapter II with the
following additions and modifications.
Gases and gas handling.--The inhibitor used in the
N2F 4-H 2 gas mixtures was 99.5% pure cis-2-butene supplied
by Phillips Petroleum Co. All other gases used were previously discussed.
The gases (SF

6 and H2 ) for the HF probe laser were

taken directly from the gas bottles and flowed through a
single copper tube to the laser and were then exhausted
through a soda lime trap into a gas hood.

The gas pres-

sure in the probe laser was monitored with a Wallace and
Tiernen pressure gauge.
Detectors and diagnostic instrumentation.--The
NF

free radical has a series of strong, closely spaced
2
absorption bands (84,85) near 260 nm which have been used
previously to study the N F -NF 2 equilibrium as well as
2 4
the dissociation rates of both N2F 4 and NF . This feature
2
of NF was used to monitor the NF produced from absorption
2
2
of co laser radiation by N2F . The apparatus used in the
4
2
N F dissociation experiments was identical tothe apparatus
2 4
shown in Fig. 3 except for a U.V. light source and photomultiplier that was added to monitor the NF
the absorbed laser radiation.

2

produced by

The U.V. light source at

260 nm with 20 nm bandpass was supplied by the lamp and

46

monochromater of a Farrand Mark I Spectrofluorometer.
The monochromater was a modified Czerny-Turner with exchangable slits.

The monochromatic beam was passed

through the quartz side windows of the absorption cell
perpendicular to the direction of the laser beam.

The

transmitted light was detected by a 1P28 photomultiplier.
The time resolved concentration of NF

2

was obtained by

displaying the photomultiplier response on a Tektronix 556
dual-beam oscilliscope.

The absorption coefficient of

NF 2 at 260 nm used in these experiments was the value
measured by Johnson and Colburn (66) of€= 5.50 x 10 5
cm 3 /mole-cm.

The concentration of NF
[NF ] =
2

5~50

A
X

2

is then given by

s

10 1

(3-18)

where A is absorbance and 1 is path length in centimeters.
The appar~tus used to study the laser-initiated
reactions of N2F4 and H2 is shown in Fig. 6. The reaction
cell used in these experiments is shown in the insert. It
consisted of a 1.0 x 1.5 x 2.0 in. brass block with a 1/2
in. diameter hole centered in its small face and drilled
through it lengthwise.

A 7/32 in. diameter hole centered

5/16 in. from the front of the cell was drilled at right
angles to the 1/2 in. hole and fitted with CaF

windows.
2
The gas mixtures were introduced through the rear of the
celh and the

co 2

laser pulse entered through a BaF

on the front of the cell.

window
2
A 1P28 (S-5) photomultiplier

was used to monitor the visible and ultraviolet emission

CO 2 Laser\

'

ZZZZZZZZZZZZZI

Laser Beam Path

vzzzzzzzzzzzzzzz

AuGe IR Detector-----

Reaction

IP 28 (S-5)
Photomultiplie~(:- __
BaF2 Flat/
Hadron Model
100 Thermopile

/Wall

r - - - - :,~s=-i;,,;

:I
I

I

I

I
I
I

(

~

I

I

CaF2
Window

BaF2 Window

I

05

Figure 6.--Schematic diagram of apparatus for laser-induced reactions
N,F (and SF6) with H . M1 is a flat mirror and M, reduces spot size to 0.35 cm
4
at the reaction cell 2 and focuses the deflected beam on the thermopile. The
insert at the lower right is a top view of the reaction cell.
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through one of the CaF

2

side windows.

For spectral analy-

sis of the visible and ultraviolet light emitted from the
reaction cell the modified Czerny-Turner monochromater was
placed between the reaction cell and the photomultiplier.
The infrared emission in the region 2 to 7 microns
was monitored by a Philco GPC-216 infrared detector.

The

frequency range was determined by the response of the
AuGe detector and the transmittance of the CaF 2 window.
A Tektronix 556 dual-beam oscilloscope was used to display the response of the photomultiplier and the infrared
detector.

The oscilliscope traces were then photographed

with a polaroid camera.
The energy incident on the reaction cell was
measured by splitting off a few percent of the beam to a
Hadron Model 100 thermopile.

The estimated accuracy of

the laser energy measurement was± 5% with a precision of
±

2%.
The HF optical gain and absorption measurements

were made by splitting the output from a small HF probe
laser into two beams and passing one through the CaF 2 side
windows and routing the other (reference) outside the
reaction cell.

The reference beam was passed through a

Jarrell-Ash 0.5 m monochromater.

The two beams were dir-

ected by mirrors to a pair of infrared detectors.

The

probe laser consisted of a 30 cm long by 1 cm i.d. quartz
discharge tube fitted with CaF 2 Brewster angle windows
and with electrodes for longitudinal discharge. The
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optical cavity was defined by a totally reflecting mirror and a diffraction grating for wavelength selection.
A gas mixture containing SF 6 and from 10 to 20% H2 was
flowed through the discharge region at about 5 torr total
pressure.

The laser radiation was coupled out of the

cavity by a CaF 2 flat set at approximately 45° from the
optical axis. The time between the co laser pulse and
2
the HF probe laser pulse was controlled electronically.
The probe laser output consisted of a submicrosecond
pulse at a single selectable HF vibrational-rotational
transition frequency.
Laser-Induced Dissociation of N2 F4
Laser-induced dissociation rate.--A series of
experiments were performed in which N F was irradiated
2 4
with pulsed CO 2 laser radiation and the NF produced was
2
monitored by ultraviolet absorption at 260 nm.
The initial N2F4 pressure was varied from about 1
to 50 torn and the laser energy flux incident on the cell
was varied within the range of 0.05 to 0.17 J/cm 2 •

A few

experiments were also performed with N2F in an argon
4
diluent. Preliminary results of these experiments have
been previously published · (86).
The experimentally observed rates of the laser
induced reactions were compared with computer calculations
of both thermal reaction rates and vibrationally enhanced
reaction rates.

The rate of thermal reaction (Reaction

3-7) was calculated by simply assuming that the absorbed

50 ·
laser energy heated the gas which reacted at the rate
measured by Modica and Hornig (71).

The rate coefficient

measured by these workers was
k = 2.7 x 10 15 T 0~ exp( - 1~200/RT) cm 3 /mole-sec (3-19)
where the collision partner was N2F . Vibrationally en4
hanced reaction rates were calculated by assuming this same
form of Eq. 3-19 for the rate coefficient, but the temperature was replaced by the N2F4-NF2 vibrational temperature.
Calculations were made assuming several vibrational relaxation rates.

Three types of reaction behavior that de-

pend on the gas pressure and the intensity of the laser
radiation were observed from these experiments.

Examples

of these types of behavior are demonstrated by Figs.

7,

8, and 9,
At high gas pressure and low laser intensity (Fig.

7) the experimental rate is nearly the same as the calculated thermal reaction rate; however, it is also in
good agreement with calculated rates with vibrational
relaxation times between 10- 7 and 10-

6

sec-atm.

The

laser radiation was apparently not intense enough to maintain a significant, nonthermal population of vibrationally
excited N2F 4 . The laser pulse shape for this experiment
was similar to Fig. 2b (long pulse) and the laser spot
size was 2,3 cm 2 •

The peak laser intensity therefore was

about 13 kW/cm 2 •

The gas consisted of 21.2 torr of N2F4
and 84,9 torr of Ar.
At intermediate gas pressure (10 to 50 torr N2F 4 )
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and higher laser intensity the laser-induced dissociation
rate is much faster than the calculated thermal rate (Fig.

8).

Calculations of reaction rate assuming a vibrational

relaxation time on the order of 10- 6 sec-atm simulate the
experimental results fairly well.

The laser pulse shape

for this experiment was similar to Fig. 2a (short pulse)
and the laser spot size was 0.72 cm 2

•

The peak laser

intensity was therefore approximately 140 kW/cm 2 •

The

absorbing gas was 22.5 torr of N2F .
4
At lower gas pressure (less than 10 torr) the laser-induced dissociation rate is not only much faster than the
calculated thermal rate, but it is also much faster during. the intense part of the laser pulse than the rate calculated with vibrational relaxation times of 10- 7 and
10- 6 sec-atm (Fig. 9).

This behavior during the first few

microseconds of the laser pulse could not be simulated
with the computer model unless the assumption of equilibrium among the vibrational modes of N F and NF2 was
2 4
abandoned. The laser pulse shape and spot size in the
experiment were the same as for the previously discussed
experiment (Fig. 8) and the peak laser intensity was
therefore approximately 160 kW/cm 2 •

The N2F 4 gas pres-

sure was 2.72 torr.
This rapid reaction rate during the laser pulse at
low gas pressure indicates that the reaction is proceeding
from an energy distribution that is very non-Boltzmann
and that the dependance of the laser-induced rate on
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pressure may be quite different from the thermal dissociation rate.

Modica and Hornig (71) showed that the rate of

thermal dissociation of N F

4 is given by
1 d[NF 2 J
2

-d[N F4]

2
----=
dt

2

(3-20)

dt

or
k =

d[NF 2 ]/dt

(3-21)

2[N 2F4] [M]

where the rate coefficient, k, for the thermal reaction
is given by Eq. 3-19.

In order to compare the thermal

dissociation rate with the laser-induced dissociation rate
over a range of N F pressure and incident laser flux,
2 4
contour plots were made of Eq. 3-21 for both the experimental (Fig. 10) and the calculated (Fig. 11) rates.
These plots show the rate coefficient, k, in Eq. 3-21,
1 µsec after the beginning of the laser pulse.

The data

points obtained from Figs. 8 and 9 are marked by "X" and
"O" in Fig. 10, and all data for the plots in Fig. 10
were obtained with the same experimental conditions as
Figs. 8 and 9.
It is readily apparent from these two figures
that the mechanism of the laser-driven dissociation of
N2F 4 is quite different from the thermal bimolecular dissociation reaction. The apparent bimolecular rate coefficient at low pressure and high laser flux (near "O")
is approximately 1000 times greater than the expected
thermal rate coefficient.

This factor decreases rapidly
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as the pressure increases.

The data indicate that mole-

cules with sufficient energy to dissociate are either
formed more readily at low pressure or dissociate more
readily at low pressure once they are formed.
Yield of NF 2 and effect of dissociation on temperature.--Since the dissociation of N F , an endothermic
2 4
process, is accomplished by breaking the N-N bond, the
quantity dissociated ~hould increase with the amount of
energy deposited in the gas.

This is illustrated in Fig.

12, which shows graphs of the calculated NF 2 concentration.
and temperature as functions of incident laser energy.
The measured laser absorption (See Fig. 4, Curve a, Eq.

3-17.) was used in the calculation, and thermal equilibrium was assumed.

Note that above some threshold energy,

the concentration of NF 2 increases linearly with energy.
Since the laser-induced reaction is more rapid than the
rate of the thermal reaction, this calculation predicts
an NF 2 concentration that is too low in this region.
However, the features of the figure are generally correct.
Note that the dissociation of N2F 4 tends to act
as a heat sink. That is, the temperature is kept constant
near 500°K if the laser energy absorbed is insufficient
to dissociate all of the N F . High temperatures result
2 4
if the laser energy is increased above that point.
The linear dependence of NF 2 concentration on laser
energy was experimentally observed. A mixture of 106 torr
of 20% N2F4 and 80% Ar was irradiated with laser energies
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ranging up to 0.5 J and with a laser spot size of 2,3 cm 2 •
Results of these experiments are plotted in Fig. 13,
the maximum yield of NF

2

Both

and the yield at 10 µsec show

a linear dependance on laser energy.

The maximum yield

occurred at earlier times as the laser energy was increased.
Laser-Initiated Reaction of
N2E4 with H2
Laser-initiated explosions.--In this study explosive reactions of a range of mixtures of N2F 4 , H2 , and
cis-2-butene were initiated with the pulsed co 2 laser.
The objective in studying these reactions was to determine
the effect of pulsed laser energy on the explosive gas
mixtures.

The specific objectives were to determine if

reaction rates were accelerated by vibrational excitation,
to determine if HF laser gain obtained in the CO

laser
2
initiated reaction, and to clarify the reaction mechanism.
All of the reactions studied were initiated with

CO 2 laser pulses similar to Fig. 2b (long pulse), and the
laser spot size was 0,35 cm 2 •

The principal reaction

diagnostics were time resolved light emission in the visible-ultraviolet region (250 to 700 nm) and in the infrared
region (2 to 7 µ), HF laser gain (or absorption), and
pressure change at reaction.
Six mixtures consisting of 2% or less of butene and

20 to 73% H2 were investigated.

The composition of these
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mixtures are listed in Table 1.

These gas mixtures will

be referred to by number in the discussion that follows.
Figure 14 shows typical oscillograms of the photomultiplier and infrared detector responses to laser-initiated
explosions for each of the first 5 gas mixtures.

Note

that hydrogen-rich mixtures are characterized by intense
light emission and rapid reaction after ignition obtains
and that the hydrogen-lean mixtures react more slowly
and with much less light emission.
Table l

---

Composition of Reaction Mixtures
Mixture
Number

N2F 4 ( %)

H2 (%)

Butene (%)

1

78.0

20.0

2.0

2

64.9

33.4

1.7

3

49.4

49.4

1.3

4

33.1

66.o

0.9

5

26.8

72.5

0.7

6

26.8

71.5

1.7

The effect of gas composition on the intensity of
the light emitted in the visible-ultraviolet spectral
regions is further showh in Fig. 15.
/

The peak emission

intensity is plottea against H mole fraction for a con2
stant N F pressure and incident laser energy. Note that
2 4
the intensity was greatest for the stoichiometric H mole
2
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a

d

e

C

Figure 14.--0scillograms of emission from laser
initiated reactions of N2 F4 and H2 . The upper trace is
the photomultiplier response, and the lower trace is the
infrared detector response. The gas mixture of oscillograms a through e are mixtures 1 through 5 of Table 1. The
horizontal scale is 20 µsec/div for a, c, d, and e and 50
µsec/div for c, d, and e. The vertical scale, lower trace,
is 1 mV/div for a and band 2 mV/div for c, d, and e. The
verticle scale, upper trace,is 5 mV/div for a and band
50 mV/div for c, d, and e.
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fraction of 0.67 (H 2/N 2F 4 = 2). The radiation emitted
from the reaction gas was also dependent on the gas pressure.

For example, Figure 16 demonstrates that the emit-

ted infrared radiation increased linearly with pressure
for a given gas composition and incident laser energy.
Figure 17 indicates that the visible-ultraviolet
radiation emitted from the reacting gases increased with
incident laser energy for hydrogen-lean gas mixtures.

This

effect, however, was not observed for mixtures of a higher
H2 mole fraction.

For near stoichiometric and hydrogen-

rich mixtures the intensity of the radiation emitted from
the exploding gases was nearly independent of laser energy.
It was also observed from the pressure change that the
reaction propagated well out of the irradiated region.
The laser served only to initiate the explosive reaction,
and the observed properties of the reaction were nearly
independent of the method of initiation after ignition
had occurred.
Spectroscopy.--The spectral distribution of the
radiation emitted from the laser-initiated explosive
reaction of 80 torr of gas mixture number 6 (Table 1) was
determined by passing the emitted light through a monochromater.
per shot.

The incident laser energy was kept near

o.4 J

The region scanned was from 260 nm to 600 nm

at 20 nm intervals with 20 run slits.

The regions of

strong emission were then rescanned at 5 nm intervals with
5 nm slits.

Four strong bands and one weak band were
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observed.

The stronger bands were identified as (O,O)

and (0,1) bands of the CN violet system at 388 nm and
422 run and the (O,O) and (0,1) bands of the
at 517 run and 564 run.
(A 3 IT

+

c2

Swan bands

The weak band was attributed to the

X3 E-) transition of NH at 336 nm.
The source of the carbon atoms was probably the

butene inhibitor.

Strong emission from CN and c

is
2
typical of flames containing even small amounts of carbon

(87).

Intense emission due to NH at 336 nm has been ob-

served (78) from shock-heated mixtures of N2F 4 , H , cis-22
butene and argon. However, the emission intensity was
apparently greater in the shock-tube study than it was
in the laser-initiation experiments.
The infrared emission was not investigated spectroscopically.

However, emission from vibrationally

excited HF in the 2.6 to 3 micron region was likely a major
portion of the observed infrared emission.
Explosion threshold.--It was observed that for a
given gas composition and pressure, there was a laser
energy below which an explosive reaction would not occur.
Figure 18 shows plots of that threshold for the six gas
mixtures listed in Table 1.
the right of the lines.

Explosions occurred only to

In the progression of reaction

mixtures 1 through 5 the N2F4-butene ratio remains constant
while the H2 mole fraction increases. At some constant
(and low) total reactant pressure, say 20 torr, note that
the laser energy threshold decreases with increasing mixture

15Qr------r-----r--.--------ii---------i~---,

-::: 100

...

~

0

w
a::
::>

(/)

Cl)

lLJ

0::

a..

50
485

Ot__ _ _ _ __LI_ _ _ _ ___Jll__ _ _ _--=-~------:::-----:---0
0.1
0.2
0.3
0.4

LASER ENERGY ( J)
Figure 18.--Explosion thresholds for the six gas mixtures of Table 1.
0\
\0

70
number (and hence H2 mole fraction) for mixture numbers
1 through 4 even though the concentration of the absorbing
species (N 2F 4 ) decreases with reaction number. It would
have been even more apparent that the hydrogen rich mixtures are more easily ignited had these thresholds been
plotted against absorbed laser energy instead of incident
laser energy.
Mixture number 6 differs from number 5 only in mole
fraction of cis-2-butene.

The added butene increased the

explosion threshold apparently by consuming reactive
species such as H (or F) atoms.

This result is consistent

with the conclusions by Kuhn and Wellman (77) of the effect of this and other inhibitors on the thermal ignition
of the reaction.
Induction period.--The induction time, T, between
the beginning of the

co 2 laser pulse and the first detec-

table visible-ultraviolet emission was strongly dependent
on the laser pulse energy, pressure, and gas composition.
Induction times in the range 4 to 300 microseconds were
observed.

The phenomena that determine the induction time

appeared to be nearly independent of wall effects and diffusion out of the irradiated region on this short time
scale.

For example, the time for H atoms to diffuse out

of the center of the irradiated region is on the order of
300 µsec for 50 torr of gas mixture.

These induction times

are not closely related to the much longer thermal induction times such as those measured by Kuhn and Wellman (77)
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for this reaction.

The latter are strongly dependent on

diffusion, wall deactivation of active species, and wall
temperature.
Figure 19 shows a typical plot of 1/T against
laser energy for gas mixture number 5 at several pressures.
The induction times for this and all other gas mixtures
investigated obeyed the following equation:
(3-22)
where K is a function of pressure and gas composition, E
is the laser energy, and Ea is the threshold energy for
laser ignition of the reaction,

Table 2 summarizes the

parameters Kand Ea for the reaction mixtures investigated.
The effect of pressure and gas composition on the
induction time can best be seen by graphic display of the
data.

The graphs in Figs. 20-22 (as well as Figs. 18 and

19) were constructed from the data in Table 2.
The factor K increases approximately as the square
of the pressure for a given gas composition and laser
energy as is demonstrated by the plot of 1/T against
total pressure (Fig. 20).
time

T,

The dependance of the induction

on gas composition can be seen from Figs. 21 and

22.

Figure 21 is a plot of 1/T against H pressure for a
2
constant laser energy. Note that the near stoichiometric
mixtures (H 2/N F = 2) have the highest values of 1/T
2 4
(and hence K). Figure 22 illustrates the strong dependance
of induction time on the concentration of the butene
inhibitor.
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Table 2
Values of the Parameters Kand E in Eq. 3-22.
0
Mixture
Numbera

Pressure
(torr)

(µsec- 1 J- 1 )

(~~

1

12.1

0.06

0.29

1

33,6

0.26

0.17

1

48.6

0.78

0.14

2

21. 8

0.22

0.18

2

27.5

0.32

0.15

2

48.6

0.56

0.14

2

69.8

1. 68

0,13

3

15.9

0.10

0.11

3

31.7

o.4o

0.12

3

58.1

1.72

0.16

4

12,3

0.05

0.19

4

30,7

0.22

0.11

4

64,7

0,91

0.12

5

20.8

0.13

0,13

5

36,8

0,23

0.12

5

74,7

1,03

0.14

6

68,9

0,32

0,15

6

100.1

0,52

0.16

6

145.7

1. 85

0,18

K

asee Table 1 for mixture compositions.
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HF laser gain developed by the reacting media.-Measurements of HF laser gain were made on the

co 2

laser

driven reactions of N2F 4 with H2 by probing the reacting
mixtures at various times after the beginning of the co
2
laser pulse. The ratio of transmitted to incident intensity of the HF probe laser signal was plotted against time
(Fig. 23).
the

co 2

The probe laser pulse was delayed relative to

laser pulse, and each point on the graph was ob-

tained from the HF gain measurement on a single laser
initiated explosion.

The variation in laser energy from

shot to shot was approximately ±15% and the induction times
were approximately 15 µsec.
ation of

Y!o

The accuracy of the determin-

was approximately ±6%.

the probe beam through the

co 2

The path length of

laser irradiated gas was

approximately 1 cm.
There was evidence of HF laser gain during the
first few microseconds of the

co 2

laser pulse.

No gain

was observed during the explosion or at any time after
the CO

2

laser pulse.

In fact, strong absorption occurred

during the explosion on both of the HF laser probe transitions employed.

The designation Pv(J) signifies a P branch

transition where vis the vibrational quantum number of the
upper state and J is the rotational quantum number of the
lower state.
Discussion of reaction mechanism.--The early appearance of laser gain and the observed short delays
between the

co 2

laser irradiation of the reacting gas and

I

- ~ (4)

• p2 (6)
N2 F4 =· H2

P = 28.7 torr

0.5

10

20
TIME (J'HC)

30

40

Figure 23.--Transmitted to incident intensity ratio of an HF probe
laser pulse
in the laser-driven reaction of N-F,. and H~ . The spot size is
2
0.35 cm and the path length of the probe laser ~is 1.0 2 cm.

-.J

co
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explosion indicate that the rates of some dissociative
reactions are increased by vibrational excitation.
A chain reaction mechanism is proposed for the
laser-driven reaction of N2F with H2 with the following
4
as chain-initiating reactions:

•

N2F 4 + M + 2NF 2 + M AH=+ 20 kcal/mole - Evib

(3-23)

NF 2* + M +NF+ F + M AH=+ 66 kcal/mole - Evib (3-24)
where the rates of both of these endothermic reactions are
greatly accelerated by laser excitation of vibrational
modes of the reactants.
Reaction 3-23 is very rapid for the laser energies
used in these experiments.

Comparison of Fig. 18 with

Fig. 12 shows that the concentration of NF 2 is very high
at laser energies near the explosion threshoM.

This

NF 2 evidently reacts very rapidly by Reaction 3-24 when
the NF

is vibrationally excited as from laser abs~r.~-•
2
or as a result of vibrational-vibrational energy transfer

from N F . It could even be that for appropriate condi2 4
tions, collisions with species M may not be required for
Reactions 3-23 and 3-24 to proceed.

(See the section on

laser dissociation of N F .) That is, the activation ener2 4
gy may be supplied by absorbed laser radiation.
By analogy with the laser-induced dissociation of
N2F4, the amount of F produced during the laser pulse by
Reaction 3-24 should increase linearly with laser energy
above some threshold.
The observation of HF laser gain only during the
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co 2

laser pulse indicates that Reaction 3-24 does indeed

occur during the laser pulse and is followed by the very
fast reaction,
(3-25)
A third possible chain-initiating reaction is the
one proposed by Kuhn and Wellman (77) (Reaction 3-8).
This reaction, however, is slow and is believed to play
only a minor roll in the present experiment.

Figures 18

and 12 show that even high concentrations of both reactants
do not insure that an explosion will occur.

Since the

NF 2 concentration will be high during most of the induction period, the chain-propagating reactions likely to be
important are those involving NF 2 , such as
NF + H +HF+ NF
2

(3-26)
(3-27)

as well as Reaction 3-25.
The explosion-threshold and induction-time data
(Figs. 18 and 22) indicate that butene inhibits the reaction and that the reaction proceeds more slowly when the
N F mole fraction is high. Chain-terminating reactions
2 4
likely to be important then are consumption of H atoms by
butene (See discussion in the introduction of this chapter.)

and reactions such as
(3-28)

and Reactions 3-14 and 3-15.

At low pressures and low

laser energies (long induction times) the concentration
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of atoms may also be reduced by diffusion out of the
reaction zone.
A simple model is proposed to explain the observed
explosion thresholds and induction times.

The model

includes the chain reaction mechanism suggested above with
acceleration of dissociation of both N F~ and NF 2 by
2
vibrational excitation.
The model assumes for a given gas composition and
pressure, that
1.

The number of chain-propagating species (F and

possibly H) produced during the co

laser pulse increases
2
linearly with laser energy above some threshold E0 ; that
2. The temperature and the concentrations of

major species remain essentially constant during the
induction period (since the concentration of initial chain
propagators is small compared with the concentration of
H2 , NF , and N2F 4 ); and that
2
3. The induction time is the time taken for the
heat release from Reactions 3-25, 3-26, and 3-27 to heat
the medium to ignition temperature.
Reaction 3-25 is so fast that F atoms produced
during the laser pulse by Reaction 3-24 react immediately
with H to give H atoms. Thus, the H atom concentration
2
during the induction period will be given approximately
by [HJ= C(E - E ), where C is a function of pressure and
0
gas composition. The rate of heat release is limited by
the slowest of the propagating reactions.

If Reaction
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3-26 is the slowest, then

The factor 2 arises because every chain cycle releases
two HF molecules.

Assumption 2. of the model allows us to

integrate Eq. 3-29 to obtain

(3-30)
which can be rearranged to
~[HF]

(3-31)

The left hand side of the above equation is proportional to the temperature rise of the medium, and the
temperature rise necessary for ignition for a given gas
composition is constant.

Therefore,
(3-32)

which is equivalent to the experimental expression (Eq.
3-22).

The same result is obtained if Reaction 3-27 is

the slowest.
This simple model does give the proper dependence
of induction time on laser energy, and requires that
vibrational excitation does indeed accelerate the dissociation rate of NF 2 . However, in order to acquire
further insight into the processes involved, a more comprehensive model was employed.

The reactions included in

this model are listed in Appendix A, and other features
of the computer program are discussed in the introduction
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to this chapter.
As expected, the calculations showed that there
was a high degree of vibrational excitation during the
laser pulse as is shown in Fig. 24.

The calculated

vibrational and translational temperatures with an N F 2 4
NF2 vibrational relaxation time of 10- 1 sec-atm are plotted out to 40 µsec where the explosion is just beginning
to occur as is indicated by the temperature rise.
Computer simulations with 20 torr of N2F 4 , 40 torr
of H , and the same relaxation time gave the following
2
for induction time:
1/T = 0.79(~ - 0.925),

where Tis in microseconds and energy is in joules.

(3-33)

This

compares with an experimental result of
1/T = 0.80(~ - 0.11).

(3-34)

Note that the computer-generated equation has the proper
form, but the computer threshold energy is much larger
than the experimental value.

Inclusion of Reaction 3-8

in the model gave some improvement, as follows:
1/T = 0,77(~ - 0,700).

(3-35)

The threshold energy in this expression is still large by
about a factor of seven.

Altering the vibrational relax-

ation time did not improve the agreement with the experimental expression.

However, closer agreement with experi-

ment was achieved by increasing the rate coefficient for
Reaction 3-24 during the laser pulse well above that
given by including the calculated vibrational temperature
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Figure 24.--Computer-generated plot of translational and vibrational temperature during the induction time
of a laser-driven reaction of 15 torr of N2 F4 with 30 torr
of H2 . The relaxation time is 0.1 µsec-atm and the laser
energy is 1. 0 J.
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in the rate coefficient.

It is also possible that some F

atoms are produced during the laser pulse by direct dissociation of NF
2

4

since the laser excites N-F stretching

vibrations and not vibrations of the weaker N-N bond.
This reaction could compete with Reaction 3-23 for the
available vibrational energy and thus provide a more efficient method of F atom production.

This reaction would

also bring the computed threshold energy into better
agreement with experiment.

In any case a nonthermal,

vibrationally accelerated reaction rate must be postulated
to reproduce the experimental data.
Attempts to simulate the experimentally measured
HF laser gain (and absorption) met with the similar difficulties.

Gain was indeed predicted as shown in Fig. 25,

but it occurred later than the experimentally observed
gain (Fig. 25).

Here again the experimental results

could be duplicated by assuming a very rapid rate of
Reaction 3-24 during the laser pulse.

It must therefore

be concluded that the rate of formation of F atoms during
the

co 2

laser irradiation of N2F 4 is greatly enhanced
by vibrational excitation of the reactant molecules when
the laser pulse intensity is on the order of a megawatt
per square centimeter.
Conclusion
Two reaction processes initiated by N F absorption
2 4
of pulsed co 2 laser radiation have been studied in some
detail.

These processes are dissociation of N2F 4 to NF 2
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Figure 25.--Computer-generated plot of transmitted
to incident intensity ratio of a P1 (4) HF laser transition.
The reactants are 14.35 torr each of N2F4 and H2 , laser
energy is 1.0 J, and the relaxation time is 0.1 µsec-atm.

and N2F4 and H2 explosions.
were made:

The following observations

The laser-induced dissociation of N2F to NF
4
2
proceeded at a rate that was much faster than the thermal
1.

dissociation rate.

The discrepancy between the observed

rate and the thermal rate was greatest at low pressure.
2.

The laser-induced dissociation rate was of

lower order than the rate of the thermal, bimolecular
reaction.

3.

Observations 1. and 2. were explained by

vibrational acceleration of reaction rate.

4.

Explosive reactions of N2F 4 and H were in2
itiated by pulsed CO laser radiolysis when the laser
2
energy was above some threshold that depended on pressure
and gas composition.

5.

The induction time between the laser pulse

and the explosion was a function of laser energy, pressure, and gas composition.

This functional dependence

was reported.

6.
the

Laser gain on HF transitions occurred during

co 2 laser pulse (before the explosion) but not during

or after the explosion.
7,

A simple model of the reaction and more detail-

ed computer model indicated the reaction proceeded by a
chain mechanism that was initiated by production of F atoms
during the laser pulse by rapid dissociation of NF? (or
N2F 4 ) at a nonthermal, vibrationally accelerated rate.
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(8)

Pulsed infrared laser radiolysis is a viable

method of producing a fast nonequilibrium

increase in

molecular energy that may result in reactions that
proceed at a rate much faster than the thermal rate.

CHAPTER IV
LASER-DRIVEN REACTION OF SF 6 WITH H
2
Introduction
Sulfur hexafluoride i s a stronger absorber of the
CO 2 laser radiation than is N2F 11 . (Compare Figs. 4 and
5.) It should therefore be possible to drive reactions
of SF 6 and H with co laser pulses. A brief study was
2
2
made of this reaction. Several characteristics of the
reaction were observed, such as visible-ultraviolet a~d
infrared emission intensity, extent of reaction, and HF
laser gain and absorption.
Dissociation of SF 6 .--The thermodynamic calculations of SF and its decomposition products by Wilkins
6
(88,89) and by Frie (90) show that appreciable quantities
of fluorine atoms are produced by pyrolysis of SF 6 above
1500°K. The calculations by Wilkins (88) indicate that
SF

5

formed by dissociation of SF

6

has a weaker S-F bond

than the S-F bonds of SF- and that it thus dissociates into
0

SF

4

and F atoms.

However, SF

4

and the lower sulfur fluo-

rides are thermodynamically more stable than SF

5

or even

SF 6 ; hence, the sulfur fluorides dissociate further only
above about 2000°K.
The kinetics of the thermal dissociation of SF
89

6

90
have been studied by Bott and Jacobs (91) by shock-tube
methods.

These workers found that the reaction
SF 6

SF

+

5

+ F

AH= 75 kcal/mole

(4-1)

occurred with a~ activation energy of 75,92 kcal/mole.
The range of pressures studied was from 0,13 to 30 atm,
and the data were in the falloff region between unimolecular and bimolecular kinetics.

It was also observed

that the SF
to SF

4

formed by Reaction 4-1 rapidly dissociated
5
and Fas was expected from the thermodynamic

calculations.

Bott and Jacobs (92) also measured the rate

of dissociation of SF

4

and found it to be slightly slower

than SF_ dissociation rate.
b

Pulsed CO

2

laser-initiated dissociation of SF6

should occur more rapidly than the thermal reaction since
the vibrational excitation necessary for dissociation is
supplied by the absorption of laser radiation.
Reaction of SF 6 with H .--Mixtures of SF 6 and H
2
2
are much more stable than N F -H mixtures. For example,
2 4 2
electrical discharges in gas mixtures containing SF and
6
H do not ignite explosions because reaction ceases after
2
the active species produced by the discharge have been
consumed.

(See Chapter V.)

Fenimore and Jones (93)

found that even H atoms react very slowly with SF 6 , and
that there is no evidence of a chain reaction mechanism
for the H2 + SF6 reaction. Any F atoms produced by dissociation of SF , however, react very rapidly by Reac-

6

tion 3-25 to form vibrationally excited HF.

It is
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this reaction that produces the population inversion in
the SF -H electrical discharge chemical laser (Chapter
6 2
V). Jensen and Rice (94) have also demonstrated that HF
chemical laser action can be achieved by thermal pyrolysis
of SF 6 in the presence of H . Laser-initiated reactions
2
of SF and H should also produce HF laser gain.
2
6
Computer model.--A computer model of the laseIL
initiated reaction of SF 6 with H was employed to assist
2
in the analysis of the experimental data. The computer
program discussed in Chapter III was modified to include
reactions involving SF

6

and SF .
5

The reactions and rate

coefficients used in this model are summarized in Appendix B.

It was assumed for this model that reactions of

SF 4 and lower fluorides are not significant since rapid
chain-propagating reactions that would produce and consume
these species do not occur.
In order to simulate the effect of vibrational
excitation on the SF

6 dissociation rate, a vibrational

temperature was defined and was used in the expression
for the thermal rate coefficient.

The vibrational temp-

erature included all of the vibrational modes of SF 6 ,
SF 5 and SF .

4

The vibrational relaxation rate of SF
studied by a number of workers ~9, 95--98).

has been
6
The vibra-

tional relaxation times used in this model were obtained
by fitting the temperature dependent data of Hodkinson and
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North (95) to a Landau-Teller (37) expression (See Eq.
2-24.)

The vibrational relaxation times given by this

expression are about 10% lower than the data of Holmes
and Stott (96) and are in good agreement with the data
taken at room temperature (49 ,97,98).

The relative rates

of relaxation by different species present in the reacting
gas were taken from Ref. 49.
Experimental
The experimental apparatus and diagnostic instrumentation used in these experiments were the same as was
used in the N2F 4-H experiments.
2
section of Chapter III.)

(See the experimental

Laser-Initiated Reaction Characteristics
In this study the pulsed
initiate reactions of SF

co 2

laser was used to

with H2 . The experiments performed on this system were not extensive; however, suf6

ficient data were obtained to indicate that the laserinitiated reaction of SF 6 -H 2 mixtures was similar in
many ways to the laser-initiated reaction of N F with

4 4

H . There were however, some striking differences between
2
these two reactions.
Radiation emission and pressure change were again
used as reaction diagnostics.

Figure 26 shows a typical

oscillogram of the visible-ultraviolet (upper trace)
and infrared (lower trace) radiation emitted from a laserinitiated reaction of 9.3 torr of SF 6 and 18.6 torr of H2 .
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20 µ.sec/ div
Figure 26.--0scillogram of emission from laser
initiated reaction of SF6 and H2 . SF 6 pressure= 9,3
torr, H2 pressure= 18.6 torr, spot size= 0,35 cm 2 , and
laser energy= 0.36 J.
Photomultiplier response is on
the upper trace, vertical scale= 1 mV/div.
Infrared
detector response is on the lower trace, vertical scale=
0.5 mV/div.
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Note that radiation emitted from both regions of the spectrum was less intense than the rad i ation emitted from
similar mixtures of N F and H . (Compare Fig. 26 with
2
2 4
Fig. 14d.) This was especially true of visible-ultraviolet emission; the maximum emission intensities differed
by more than a factor of 50.

This indicates that the

N2F4-H2 explosions were much hotter than the SF -H
6 2
reactions.
It was found that both the maximum intensity and
the extent of reaction (as indicated by pressure change)
increased with laser energy (Fig. 27).

This is in con-

trast to the results of the N2F 4-H 2 experiments where the
pressure change was several hundred times greater and was
completely independent of laser energy, and where the light
emission intensity (from H2 rich mixtures) was independent of laser energy.
The SF6-H 2 reaction exhibited a laser energy
threshold below which no detectable reaction occurred.
The energy threshold for the system consisting of 9.3
and 18.6 torr of H2 was about 15% greater
6
than the threshold for similar pressures of N2F 4 and H2 .
torr of SF

It is apparent from Fig. 26 that the time of
reaction was less sharply defined than the induction times
of the N F - H reaction. It was observed that the time
2 4 2
to visible-ultraviolet emission decreased with increasing
laser energy, but insufficient data were taken to determine the exact functional dependence of this induction
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time on laser energy.
It may be concluded from the data presented here
that the laser initiated reaction of SF

with H is not
2
an explosion, but it could better be described as the

6

reaction of species activated or produced by absorption
of laser radiation.

The SF 6-H reaction did not propagate
2
away from the ignition region.
HF Laser Gain Measurements on the Reacting Media
Hydrogen fluoride laser gain measurements were
made on the CO

laser-driven reaction of SF 6 with H2 by
the method described in Chapter III for the N2F4-H 2 reac-

tion.

2

The results are shown in Fig. 28.

the gain occurred only during the

Here again,

co 2 laser pulse and the

reacting gases became strongly absorbing as the reaction
proceeded.

Note that the gain is greater for the SF 6-H
2
system than for the N2F 4-H system (Fig. 23). There is
2
also a significant difference between the P 2 (6) points
and the P (4) points. The higher transmittance of the
1
P (6) beam in the later stages of the reaction indicates
2

that reaction temperature was not great enough to keep
the first vibrational state of HF highly populated.

This

is another indication that a violent explosion did not occur.
Discussion of Reaction Mechanism
A thorough treatment of the mechanism of the laser
driven reaction of SF

6 with H2 must await a more complete

•

• ~ (4)

• p2 (6)
SF6 • 73%

. H2

•

27%

P • 12.3 torr

0.5

•
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Figure 28.--Transmitted to incident intensity ratio of an HF probe
laser pulse in the laser-driven reaction of SFr and H~ . The spot size is 0,35
cm 2 and the path length of the probe laser is
-cm. c

I.0
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experimental investigation of this reaction system, but
some conclusions can be made from the results of this
study.
The initial reactions operative in the laserdriven reaction are probably
SF 6*

~

SF

5

+ F

(4-2)

and Reaction 3-25, where the rate of Reaction 4-2 is accelerated by vibrational excitation.

These reactions

would then be followed by the slow reaction
(4-3)
Further reaction would only occur if the reaction sequence
4-2, 3-25, 4-3 increases the temperature such that rapid
thermal dissociation of SF ; and lower sulfur fluorides
0

occurs.

Since Reaction 3-25 is fast on the time scale

of this experiment, the HF laser gain reflects the rate
of F atom production.

Had F atoms been produced thermally

the gain would have occurred near the end of the laser
pulse.

However, gain was actually observed during the

first few microseconds (Fig. 28) which is indicative that
Reaction 4-2 is operative during the laser pulse.
This suggested reaction mechanism was incorporated
into a computer model of the reaction.

(See the discus-

sion in the introduction of this chapter and Appendix B
for details of the model.)

The model predicted the fol-

lowing for the laser-initiated reaction of 9.3 torr of SF 6
~nd 18.6 torr of H2 :
1.

The SF, vibrational temperature did indeed
0

99
exceed the translation temperature during the laser pulse,
but the temperatures were equilibrated before the laser
pulse was completely over.

Due to the very large vibra-

tional heat capacity of SF , the vibrational temperature
6
during the laser pulse did not greatly exceed the equilibrium temperature that was achieved at the termination of
the laser pulse.

Because of the high vibrational heat

capacity and correspondingly low vibrational temperature,
the calculated acceleration of reaction rate assuming
equilibrium among all vibrational modes was not excessive.
2.

The calculated laser energy threshold for

rapid thermal reaction was about 50% of the experimental
threshold.

One likely reason for this discrepancy is that

the rate coefficient used (93) for Reaction 4-3 was probably too high.

(The error limits for this coefficient

span more than an order of magnitude in the temperature
region above 1500°K, and the work of Rabideau (99) indicates that this rate coefficient is too large.)

3.

Gain was predicted on HF vibrational transi-

tions during the first six microseconds of the reaction
but at no later times.
Further computer runs were made for the experimental conditions at which laser gain was measured (Fig. 28).
The gain and absorption predicted by the computer model
on HF transition P (6) are shown in Fig. 29. (Similar
2
results were obtained for the P1 (4) transition.) Runs
were made for two types of vibrational excitation
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Figure 29.--Computer-generated plot of transmitted
to incident intensity ratio of a P 2 (6) HF laser transition.
The reactants are 9.0 torr of SF 6 with 3.3 torr of H~.
a. Vibrational heat capacity included all vibrational
modes of SFh, SF~, and SF 4 . b. Vibrational heat capacity
included only the three ~ 3 modes of SF6.
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conditions.

Curve a is the intensity ratio for vibration-

al excitation described by a vibrational temperature
that includes all vibrational modes of SF , and Curve b

6

is the intensity ratio plot obtained by assuming that the
vibrational temperature includes only the three degenerate vibrational modes, v 3 , that absorb the laser radiation. In the latter case (Curve b) the relaxation time
of the v

3 modes was one tenth the V-T relaxation time.
Note that both curves show gain during the CO laser
2

pulse, but comparison with Fig. 28 shows that Curve a
peaks too late and Curve b peaks too early.

These cal-

culations indicate that the rate of Reaction 4-2 is
indeed accelerated by laser induced vibrational-excitation
of SF

6

and that the rate is even faster than would be

expected if equilibrium among all vibrational modes were
obtained.
Calculations of the amount of HF laser energy
obtainable from the reaction under these conditions indithat the HF laser energy output would be only about 0.1% of
the absorbed co

2

laser energy.
Conclusion

Although the study of the laser-driven reaction
of SF

with H was not extensive, the following observa2
tions and conclusions were made:

6

1.

When the laser energy was above some threshold,

reactions were initiated that emitted radiation in the
visible-ultraviolet and infrared regions of the spectrum.
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These reactions, however, did not propagate out of the
irradiated region.
2.
the

Laser gain occurred on HF transitions during

co 2 laser pulse.
3,

A computer model of the reaction indicated

that the laser-induced dissociation of SF

occurred at a
6
rate that was much faster than the thermal rate. The
model also indicated that rapid reaction occurred after
the laser pulse only when the temperature was high enough
for thermal pyrolysis of SF r .
0

CHAPTER V
SF 6 -H

2

ELECTRICAL DISCHARGE CHEMICAL LASER:

COMPUTER MODELING AND REACTION MECHANISM
Introduction
SF6-H 2 chemical laser.--Laser action on vibrational-rotational transitions of HF by pulsed electrical discharge was first reported by Deutsch (100).

Several P-

branch transitions originating from the first three
excited vibrational states of HF were observed.

The

excited HF was produced from longitudinal discharge pulses
in mixtures consisting of small amounts of hydrogen and a
variety of commercial freons at a total pressure of 1.2
torr or less.
Chemical laser action from pulsed electrical discharges in SF6-H 2 mixtures was first reported by Ultee
(101). Mixtures rich in sF lased on 2-1 and 1-0 vib6
rational transitions with the total pressure variable up
to 40 torr.

The 2-1 transitions were the strongest and

were always observed to lase first.

Addition of He to

the mixture increased the pulse length but not the power.
Jensen and Rice (102) independently observed
lasing from electrical discharges in both SF6-H 2 and
SF -HBr mixtures. A 1 µsec discharge perpendicular to the
6
laser axis was used to excite the gas mixture. Lasing
103

104
occurred on HF vibrational transitions up to 3-2 with H
2
in the gas mixture and up to 4-3 with HBr replacing H .
2
A number of workers (103--107) have employed
arrays of individually ballasted pin electrodes to excite
large volumes of gas at pressures up to 1 atm.

Pulse

energies of up to 1.2 Jin 1.81 1 of gas were achieved
by

Plummer and Kompa (107) using this method.

optimum gas mixture was 60 torr of sF

6

The

with 2.5 torr of

H2 . It was found that helium was necessary in the gas
mixture for pressures above 100 torr. Jacobson and Kimbell
(104,105) found that the laser pulse energy could be increased by use of hydrocarbons of low molecular weight
in the place of hydrogen.
Wenzel and Arnold (108) have employed the double
discharge technique for HF laser initiation that was used
by Dumananchin, et al (109) to excite pulsed

co 2

lasers.

This discharge tube consisted of a grooved brass bar, 50.8
cm long and 2.5 cm wide, which served as the cathode.
opposite brass wall of the tube served as the anode.

The
Five

quartz tubes containing wires connected to a trigger capacitor were placed within the grooves of the brass cathode.
The initial discharge occurred between the five wires and
the cathode.

This discharge ionized the gas in the vicini-

ty of the cathode; the main discharge then occurred across
the 2.4 cm gap between the anode and the cathode.

The

electrons and ions produced in the initial discharge made
possible a discharge that was very uniform throughout the
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excited volume.

However, it was found that the discharge

was only uniform below about 120 torr total pressure; arcs
were observed at higher pressure.

A multi-stage Marx

bank supplied the power for the discharge.

These workers

observed that the HF laser pulse energy could be augmented
by increasing the voltage and decreasing the discharge
time.

By carefully designing the discharge circuit such

that the circuit inductance was low, the discharge time
was reduced to be comparable to the laser pulse length.
Electrical efficiencies as high as 3,1% and laser pulse
energies as high as 3,5 J (10.6 J/1) were then obtained
from SF6-ethane mixtures at 100 torr total pressure (26).
The pulse energies obtained from SF -H mixtures were ap6 2
proximately 80% of pulse energies from SF -ethane mixtures.
6
A quantitative analysis of the HF produced in this
laser was performed by an acid base titration method (110).
The HF produced in the SF -H 2 discharge and the laser
6
energy output were both measured over a range of gas compositions.

The maximum electrical efficiency occurred

at 100 torr SF 6 and 20 torr H . However, the laser energy
2
per mole of HF produced was highest at large SF 6/H 2 ratios.
The method of HF analysis could not distinguish between
HF produced during the electrical discharge and HF produced at later times.

The amount of HF that was actually

produced during the discharge was estimated, and it was
concluded that as much as 35% of the energy available from
the reaction of F with H2 was converted to laser radiation.
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The purpose of the present study is to use computer
kinetics analysis to give insight into the factors that
determine the laser energy output of the SF 6-H 2 electrical
discharge chemical laser. Some of the questions to be
answered are the following:
1.

Does the computer analysis predict the proper

dependence of laser energy on H mole fraction?
2
what is the reason for the obs erved dependence?
2.

If so,

What is the mechanism of F atom production and

how can it be optimized?

3.

What is the optimum initiation energy deposi-

tion rate?

4.

Is the observed HF production rate and chem-

ical efficiency predictable?

If so, what is the reason

for the observed behavior?

5.

What is the role of ions and electrons?

6.

Will laser pulse energy scale with pressure

if uniform discharge is achieved?

7.

What fundamental processes need further in-

vestigation?
Electrical discharge.--In order to achieve high
laser output from a pulsed electrical discharge chemical
laser, homogeneous excitation of a large gas volume at
high pressure is essential.

Low pressure gas mixtures

can be uniformly excited by glow discharge.

The glow

discharge regime is characterized by a high degree of
spatial uniformity and modest voltage and current (111).
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However, as the current or pressure is increased, the
glow discharge is transformed to an arc discharge--a high
current, low voltage, filamentary discharge that excites
small fractions of the gas volume to extremely high
temperatures.

Arcs are formed at an even lower pressure

when electronegative species such as SF c are present.
u

The electronegative species attach electrons to form
negative ions.

This results in a lower gas conductivity

and a lower arc formation pressure (112).
Since arcs form rapidly at high pressure and high
current, uniform excitation of large volumes at high
pressure can best be achieved by increasing the number
of centers from which discharges may develop by methods
such as employing arrays of individual pin electrodes or
using the double discharge technique for ion formation.
In this study it was assumed that a homogeneous
gas composition is achievable.

Effects that alter the

uniformity of the gas such as arc formation, temperature
gradients, diffusion to walls, etc. were ignored.

This

condition has been nearly achieved by Wenzel, Arnold and
Beattie (26,108,110), and their data was used as a test
for the computer model.
Computer model.--The computer model used in this
study was a modification of those that were discussed in
previous chapters.

The major difference between this and

other versions of the model is that reactions involving
electrons and ions were included in this version.
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Approximately 136 different reactions or processes were
included in this version and the number of differential
equations was expanded to twenty-eight.
Both printed listings and graphs on computergenerated film were employed to obtain the results of the
computer integration of the differential equations.

Con-

centrations of the different atomic, molecular, and ionic
species, as well as temperatures, laser power, laser
energy, etc. were listed at 10 nsec intervals or less and
were graphed as functions of time on the compute~generated film over the period of the integration, which was
usually from Oto 400 nsec.
Species Included in Model
Table 3 is a list of the dependent variables
of the differential equations included in the analysis.
There are a number of neutral sulfur-fluorine compounds
that are not included in Table 3 and that may be present
in the reacting gases.

Some of these compounds are SF ,
3
SF 2 , SF, s F , S, s and s . None of these compounds are
2 2
3
2
obtainable by thermal decomposition of SF at the maximum
6
possible temperature obtainable (88--90) of less than
1000°K.

Also, there is probably insufficient time for the

sequential elementary processes necessary for their formation.

Another possible source of these species is the

abstraction of a fluorine atom from SF
to yield HF and SF

n- 1

.

by hydrogen atom
n
However, this kind of reaction
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is also slow below 1000°K,

(See Chapter IV.)

Therefore,

the only significant source of lower fluorides would be
from reactions involving electrons and ions.

The only

SF 6 decomposition product that Beattie and co-workers (110)
identified by gas chromatography was sF .

4

These workers

also found that less than 5% of the SF ~ was consumed per
0

shot.

For these reasons it was concluded that the only

lower fluorides produced in significant amounts are SF
and SF .

5

4

Table 3
Dependent Variables for SF 6 -H 2 Electric
Discharge Model
F

F-

H

SF+
5
H+

H2(v

=

0 to 2)

HF(v = 0 to 8)

H+

SF

e

SF

6

5

2

T

SF 4

TV

SF6

T

SF-

Laser Energy

5

e

There are a large number of positive and negative
ions that could be formed in an electric discharge in SF

6
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and H2 . The only ions included were those that were considered to play a significant role in the chemistry,
charge transport, and thermodynamics of the electrical
discharge,

Table 4 is a list of some of the species that

were considered along with their ionization potentials
and electron affinities,
Table 4
Ionization Potentials and Electron Affinities
of Species Formed in the SF 6 - H2 Discharge
Species
SF

(eV)

I.P.

Ref.

E.A. (eV)

__ a

6

1. 49

15,9 ± 0,2b

114

SF 4

18,9

±

0.2b

114

SF

20.1

±

0,3b

114

d

SF 2

26.8

±

0,3b

114

d

SF

31.3

±

0,3b

114

d

F

17.418

115

3,448

HF

15.77

115

a

H

13,595

SF

5

3

Ref.

15,427

0.02

±

±

0.002

3,64
__ d

72

115

0,75

117

115

-2.85

113

aspecies not stable.
0

Appearance potential of positive ion in SF 6 .
cRecent measurements indicate that the electron affinities for SF6 and SF ~ may be as low as 0,54 and 3,3 eV
respectively (116).
?
dElectron affinity not known.
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The three negative ions included in the model are
those that can be formed by electron attachment or charge
transfer--SF 6 , SF

5

and F.

These three ions have all been

observed in studies of low energy attachment of electrons
by SF 6 (118,119), They have also been observed (120) in
studies of SF interaction with electrons with energies
up to 45 eV.

6

Ahearn and Hannay (120) observed no SF4 in

their experiments and it was therefore not included in
the model.

Hydrogen fluoride does not form a negative ion

since the electron structure of HF- would be similar to
the non-existent species HeH or HeF.

When an electron is

attached by HF the products are F- + H (121).

The ion

2

H was excluded because H2 has a negative electron affinity. Since H atom has a low electron affinity it
would tend to rapidly detach the electron or transfer its
charge to a more electronegative species such as SF
SF 6 .

It was therefore excluded from the model.

5

or

This pro-

cess of electron transfer to the species of lower ionization potential (or higher electron affinity) is known as
the Kallmann-Rosen (122) effect and is observed routinely
in systems where positive ions are present.

The effect

should also occur for systems with negative ions.
The three positive ions included in the model are
those that have ionization potentials sufficiently low that
they can be formed by collisions with the more energetic
electrons in the discharge and that are also not too
r ~adily depleted by the Kallrnann-Rosen effect mentioned
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above.

The species SF!, F+, and HF+ do not meet this

requirement.

The species SF~ is unstable (114); the

ionization of SF

6 produces SF;+ F.

Multiply ionized

species were not included because of the low probability
of formation and the high probability of destruction by
charge transfer.
The other species in Table 1 is the electron,
which is obviously essential in the discharge model.
The three temperature equations were necessary to
properly account for energy flow from the electric field
into the gas.

A temperature may only be defined when a

system is in thermodynamic equilibrium.
nonequilibrium systems
in SF

However, in

such as in an electrical discharge

and H , subsystems may be assumed to be in or near
2
thermodynamic equilibrium. Individual temperatures may

6

then be assigned to these subsystems.

In this analysis

three of these subsystems were employed.

An electron temp-

erature was assigned to the free electrons; a vibrational
temperature was assigned to the molecular vibrations of
all sulfur fluorides present; and a translational temperature was assigned to the translational and rotational
degrees of freedom of all species present.

The vibration-

al states of H and HF were considered to be separate
2
species to which a vibrational temperature would not be
applicable.
The last variable, the laser energy, is the energy
extracted from the population inversions obtained between
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the different pairs of adjacent vibrational states of HF.
Chemical Reactions and Energy
Transfer Processes
The rate coefficients used for the chemical reactions and energy transfer processes that were included in
the computer model are listed in Table 12 of Appendix

c.

A brief summary of these processes is given in Table 5,
Since some of the rate coefficients were estimated, and
since not all of the many possible reactions were included
in the analysis, justification for the reactions used
will be discussed.
Chemical reactions of neutral species.--The rate
coefficients for reactions of neutral species were with
one exception the same as those used to model the laser
initiated reaction of SF

6 with H2 (Chapter IV).

coefficient used for the reaction of H with SF

The

(and SF )
5
was actually the measured rate coefficient for the reaction
6

of H with NF .
(See Appendix C.) A measured rate coef3
ficient was found for the reaction of H with SF 6 (93)
after much of the computation was completed.

This

coefficient was used in one computer run (Table 7, Run 4).
Rate coefficients for decomposition of SF
+ F, and of sF

6 to SF 5 +For

sF

to SF 4
5
+ F- were obtained by

5
using the coefficient for decomposition of SF

with the
6
activation energy replaced by the enthalpy change of the
particular reaction considered.

In each case the
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Table 5
Reactions Included in SF 6 -H 2 Electrical
Discharge Model
F + H2

SF

!

HF(v) + H

6 (SF 5 )

+

SF

5 (SF 4 ) + F

H + SF 6 (SF ) + SF (SF4) + HF(O)
5
5
2SFS + SF 4 + SF 6
Atom Recombination
HF (H 2 ) + HF (V-V Energy Transfer)
HF (H ) + M (V-T Energy Transfer)
2

SF Species+ M (V-T Energy Transfer)
Electrical Power Input
e

+ M (Momentum Transfer)

e

+ SF Species (Vibrational Excitation)

SF 6 + e- t SF6

5+

SF 6 + e

+

SF

SF

+

SFS + F-

+

SF 5 + F + e

+

SFS + F + 2e-

+ e
6
SF6 + e
SF 6 + e

F

H2 + e

+

H + H + e-

H2 + e

+

H~ + 2e-

H + e-

+

H+ + 2e-

Charge Transfer
SF;+ e-

+

SF 4 + F

Ion-Ion Recombination
HF Stimulated Emission
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vibrational temperature was used in the rate coefficient.
The vibrational and translational temperatures were
coupled by a vibrational relaxation time.

This relax-

ation process was discussed in Chapter IV.
It was found that the only reaction of neutral
species that was fast enough to be important was the
reaction of F with H (Reaction 3-25).
2
Role of electrons.--In a gaseous electrical discharge the energy of the electric field is coupled to the
gas by acceleration of charged particles (electrons and
ions) that are present in the gas and by subsequent charged
particle-neutral molecule collisions.

The electrons

acquire much more energy per particle per unit time from
the electric field than do the massive positive and negative ions.

The electrons, therefore, play a dominant role

in the gaseous electrical discharge.
The energy of the electrons may be coupled to the
gas by several types of collisions.

A small fraction of

the kinetic energy of an electron is transferred to its
collision partner on each elastic collision.

That frac-

tion is given by 2(1 - cos 0)me/m O, where me/m O is the
mass ratio and 0 is the polar scattering angle. The
angle 8 is a function of both the impact parameter ~nd
the energy of the incident electron.

Larger fractions of

the electron's energy may be transferred to the gas by
inelastic processes.

For electron energies up to a few

electron-volts the most important inelastic processes are
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excitation of rotational and vibrational states of molecules.

At higher electron energies processes such as

molecular dissociation and excitation of electronic states
of atoms and molecules may occur.

Ionization of molecules

and atoms may occur in collisions with electrons if the
electron kinetic energy exceeds the ionization potential of
the collision partner.
The number density of electrons is determined by
the rate of ionization and the rate of electron losses.
These losses may occur by electron attachment to electronegative species such as SF , by recombination of electrons
6
with positive ions, or by diffusion of electrons (or
electron-ion pairs) out of the discharge region.
Distribution function and cross sections.--The
probability that any of the above mentioned collision
processes will occur can be expressed in terms of a cross
section, cr.

These cross sections are functions of the

energy of the colliding electron and can be determined
by experiment, or they can be inferred from theory.
The rate of some processes involving the collision
of electrons with some other species is given by

(5-1)

Rate= kneno
where ne is the electron number density and n
number density of the collision partner.

0

is the

The rate coef-

ficient, k, is given by
k

=

k

00

vcr(v)f(v)4TTv 2 dv.

(5-2)
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where vis the electron speed.

If the electrons are in

thermodynamic equilibrium, the distribution will be
Maxwellian
f(v)dv

=

(m e /2nkT e ) 3 /

2

exp( - me v 2 /2kT e )dv.

(5-3)

The quantities m and T are electron mass in grams and
e
e
electron temperature in °K. The Maxwell distribution
function can also be expressed as a function of electron
energy as follows:
f(U)dU = 2~- 1 / 2 Te - 3 /

2

exp( - U/Te)dU.

(5-4)

Both U, the electron energy, and Te, the electron temperature are in electron volts.

When the distribution

function is expressed as a function of electron energy the
rate coefficient is given by
k = (2e/me)

1

/

2

f
J Q

00

Ua(U)f(U)dU.

(5-5)

The Maxwellian distribution is favored when the
electron density is high, that is when the electron-electron equilibration time is short compared to the time for
energy exchange by inelastic collisions.

In this study

the Maxwellian distribution was assumed to be a good approximation to the true electron energy distribution.

The

rate coefficients for processes involving electrons were
calculated from cross sections and the Maxwellian energy
distribution by Eq. 5-2 or Eq. 5-5.

Figure 30 is a graph

of some of the cross sections for inelastic processes that
are important in the SF 6-H 2 electrical discharge. (A complete list of all cross sections used for calculation of

0A0r-----~---~---.---.----;--.---.----.
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0
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Figure 30.--Cross sections for several electron processes.
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rate coefficients is included in Appendix c.)

Note that

a scale factor of 10- 2 has been used for electron attachment at low electron energies, and a factor of 0.2 has been
used for the cross sections for reactions with H2 . The
Maxwellian energy distribution is also plotted for Te =

4 eV (46,419°K).

The electron energy distribution will

be altered by the strong electric field as well as by
cross sections that change, abruptly with energy such as
those plotted. A large cross section at some energy
tends to deplete the electrons at that energy and the
electric field alters the thermodynamic equilibrium by
accelerating the electrons.
Energy input.--There are a number of possible
methods that could be used to handle the introduction of
electrical discharge energy into the computer code.
methods were used in this study.

Two

In the first method the

discharge power was included as an energy source term in
the electron temperature differential equation.

The dis-

charge power was obtained from measurements of electric
current and voltage on a typical laser shot (123).

The

second method used was to set the electron temperature at
some constant value until a predetermined amount of energy
had been lost by the electrons in collision processes.
The electron temperature was then decreased to a low
value which terminated the input energy pulse.

This

method was used only in the study of the effect of electrical pulse length on laser energy and power.
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Momentum transfer.--The rate of energy transfer
from electrons to gas molecules by elastic collisions was
calculated from the momentum transfer cross sections.
These were estimated by comparison with the collision
cross sections of gas molecules in the mixture.

The

cross sections used were 7,15 x 10- 15 cm 2 for SF

(124)
6
Since only a small fraction

and 1.3 x 10- 16 for H (125).
2
of the electron energy is lost by elastic collisions,

the results were insensitive to the actual value of this
rate.
Vibrational excitation.--The cross section for
vibrational excitation of SF 6 by electron collisions was
estimated to be 10% of the momentum transfer cross section, and the amount of energy transferred corresponded
to the energy of the lowest energy vibrational mode of

Electron attachment.--Sulfur hexafluoride readily
forms negative ions by attachment of low energy electrons.
Attachment may occur by three different processes:
1.

Dissociative attachment,

2.

Temporary parent-negative-ion formation, or

3.

Permanent parent-negative-ion formation.

The ion produced by the second process may be stabilized
by collisions, detach the electron, or dissociate.
Electron attachment by SF

6

to form SF has been
6
studied by a large number of investigators (126--129),
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The work of Hickam and Fox, (126) and Asundi and Craggs
(127) indicates that SF 6 attachment cross section has a
width of approximately 0.05 eV and that the peak of the
cross section is very near 0 eV.

Because the attachment

cross section is so narrow, the measured value of the
cross section is strongly dependent on electron energy
distribution and on the method of measurement.

Compton

and co-workers (128) have determined the average cross
section for a thermal distribution of electrons.

This

value of 3.6 x 10- 15 cm 2 was used to calculate the rate
of electron attachment in the present study.

Other

measured values of this cross section have been compiled
by these workers.

These values range as high as 2.6 x

10- 1 ~cm 2 •

The lifetime of the metastable SF
ionization is 25 µsec (128).

6 against

auto-

However, Fehsenfeld (129)

found that the metastable SF6 is rapidly stabilized when
the pressure is such that the autoionization lifetime is
much greater than the time between collisions.

This con-

dition was easily fulfilled under the laser operating
conditions.
The most commonly observed dissociative attachment reaction of SF

6 produces SF

5 and

F.

The SF

5 ion

was

observed in all of the above mentioned studies of electron
attachment to SF

(126--129). Thynne (130) and co-workers
6
reported that the cross section for this reaction is 1/109
times the cross section for attachment to form SF

6 and
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that it is otherwise indistinguishable from the nondissociative attachment cross section.

This value was used

to calculate the rate coefficient used in the computer
model.

Other workers (126,128) report that the cross

section for this reaction actually has a peak near 0.2 eV
and a width of approximately 0.5 eV. A cross section of
this shape would give a rate coefficient with a small
activation energy at low temperatures.

Activation ener-

gies of 0.43 eV (129) and 0,39 eV (131) have been reported
in the temperature region between 270 and 600°K.

The

activation energy can be supplied either by molecular
vibration or by electron kinetic energy (131).

The use of

this type of cross section would give a rate coefficient
on the same order as that of the nondissociative attachment for the high electron temperatures achieved in the
discharge.
Electron attachment to SF
products SF

may also give the
6
Curran (119) reported the cross sec-

+ F-.
5
tion for this reaction to be 1% of the nondissociative

attachment cross section.

This value was used to cal-

culate the rate coefficient.
The negative ions SF4 and SF

3 have

also been

observed in electron attachment studies (132); however,
they appear at much higher electron energies (5 eV and
10 eV).

The rates of the processes producing these spe-

cies were assumed to be negligibly slow.
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Ionization.--The ionization rates were calculated
from published cross sections (127,133,134).
tions were used--ionization of SF

6

Three reac-

to give SF + + F and

5

ionization of Hand H2 . Other processes such as multiple
ionization and ionization of other species were considered
to be insignificant compared to these three processes.
Dissociation.--Reactions for dissociation of
both SF

and H by electron collisions were included in
2
6
the analysis. The cross section for H dissociation was
2
taken from published data (132). The dissociation cross
section for SF

Hannay (120).

6

was estimated from the work of Ahearn and
These workers determined a threshold of

5 eV for this reaction from the observed SF

ion current
6
that resulted from attachment of the slow electrons produced when SF 6 was dissociated by fast electrons. The
SF6 ion current measured by these workers was used to
estimate the cross section for the dissociation reaction
by comparing it with the ion current at electron energies
where the cross section of the process producing the
current was known (i.e. attachment and ionization).

This

is a very important reaction since it is the most economical method of producing F atoms and since the cross
section is large in the region where the electron distribution is also large. (See Fig. 30.)
Charge transfer.--Ions may transfer their charge
to neutral species and thereby achieve greater thermodynamic
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stability by the Kallmann-Rosen effect mentioned above.
Charge transfer reactions were included for all collision partners that would produce any of the six ions included in the model.

The probability that an ion-mole-

cule collision will result in a transfer of charge to
the neutral species is very high if the process is exothermic (or resonant) and if the collision energy is not
too high (135).

The rate coefficient for the exothermic

charge transfer reactions were calculated assuming a
reactive collision diameter of ten angstroms in each case.
The reverse rate coefficients were obtained from the
forward reaction rate coefficients and the equilibrium
constant.
Recombination.--Three electron-ion recombinations
are possible from the species included in the code.

Of

these, the only one included in the analysis was electron
recombination with SF; to give SF

4

+ F.

The rates of

dissociative recombination reactions, such as this, are
generally several orders of magnitude faster than the
rates of atomic ion-electron recombination reactions
since the excess energy is carried off by the dissociating
fragments.

The rate coefficient for this reaction was

estimated to be approximately the same as that of the
rate coefficients for dissociative recombination of
and 0~ ions with electrons (136).

Nt

The dissociative re-

combination of H+2 does not occur and the recombination
of H+ is extremely slow (136).
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The rate coefficients for recombination of positive and negative ions were calculated by the method of
Thomson as modified by Loeb (136).

It is assumed that

the ions will be actively attracted to each other if
they diffuse close enough that the coulombic attractive
potential energy is greater than the average thermal
energy.

The ions may then either loose energy by col-

lision with other species and recombine, or they may
move away from each other in a hyperbolic orbit.

One

collision by either ion while both are in the region of
active attraction is considered sufficient for recombination to occur.
The products of ion-ion recombination are not
known in most cases.

Unless otherwise noted, the ions

were assumed to recombine to the parent molecules.
However, other products are possible from molecular ions.
For example, it has been suggested that SF+ and SF;
5
recombine to give S F + SF as products U37). This
2 2

process, however, is not exothermic (~H

=

323 kcal/mole).

However, it is energetically possible for those ions to
recombine to SF

4 and F atoms as the only products.

This

possibility was considered in this study.
Laser energy.--The laser energy was calculated by
assuming that the HF producing reactionstook place in
the presence of a strong laser flux with the proper frequency components for stimulated emission to occur.
Lasing was allowed to occur on only the vibrational-
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rotational transition of maximum gain of each of the
lower three vibration transitions of HF.

The gain was

calculated for each of these transitions (up to J = 10)
from the Patel (81) gain equation for vibrational-rotational transitions in diatomic molecules.

(See Eq. 3-16.)

Results and Discussion
Results for single computer run.--The major purpose
of this study is to determine the effect of varying H

2

mole fraction, pulse length, rate constants, and energy
input on laser energy, efficiency, and extent of reaction.
The results of one computer run with 100 torr SF
torr H2 are shown in Table 6 and Figs. 31-38.

6

and 20

Where

possible, the results of this run will serve as a "standard" for comparing the effect of changing different
parameters such as H

2

mole fraction.

The rate coefficients

used in this run are those listed in Appendix C.

All of

the experimental results referred to in this section
are from experiments performed on the laser described in
Ref. 110.
There are a number of features to be noted from
the results of this run.
1.

The amount of SF

consumed is a small percent
6
of the total present (Fig. 31 and Table 6).
2.

Since there is no fast chain reaction occurring

and since SF

with its high heat capacity serves as a good
6
sink for thermal energy, the translational (and rotational) temperature remains low enough for lasing to
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occur on partial inversions of HF (Figs. 34 and 35).
Lasing occurs until the population ratio of adjacent
vibrational states of HF is less than one half.
Table 6
Result of "Standard" Computer Run
SF 6 pressure . . . . . .

100 torr

H2 pressure
Input energy .

. . . 20 torr

Output energy

. . . . 8.97 J/1

. . . 255 J /1

Electrical efficienty
Peak power

. 3.52%
, . 57,78 MW/1

FWHM of laser pulse
SF

6

. 143 nsec

consumed at 400 nsec .

4.8%

H consumed at 400 nsec
2
HF concentration at
400 nsec

. . 2.51 x 10- 7 moles/cm 3

Laser photons per HF

•

25.7%

• O. 86

Peak electron temperature . . 47,310°K
3.

The most stable ions are SF

5 and

SF;.

All

other charged species are present only during the electrical discharge (Figs. 32 and 38).
4.

The electron temperature achieved is near

47,000°K or approximately 4 eV.

5.

The laser pulse is just slightly delayed from

the energy input pulse (Figs. 37 and 38).
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6.

The number of laser photons per HF produced

is slightly less than one (Table 6).
Effect of altering mole fraction of hydrogen.-Experimental investigations (110) have been made of laser
energy and chemical efficiency dependency on hydrogen
mole fraction.

The results of these experiments are a

good check on the reliability of the computer model.
The computer model should also give insight into why the
observed trends occur.
Four computer runs were made at different SF6-H 2
gas compositions and with a total pressure of 120 torr.
The run discussed in the previous section was one of
these four.
The effect of H2 mole fraction on laser energy,
peak laser power, and full width of the pulse at half
maximum power as calculated by the computer is shown in
Fig. 39.

The experimentally observed dependence of laser

energy on H mole fraction is also plotted on this graph.
2
Note that the experimental and calculated energy
curves are similar in form and show the same optimum mole
fraction for lasing.

The experimental curve is approxi-

mately 10% lower than the calculated curve.
The curve for peak laser power has the same general
form as the laser energy curve, and the maximum of this
curve occurs at the same mole fraction as the maximum of
the laser energy curve.
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Figure 39,--Calculated laser energy, maximum laser
power, laser pulse width (FWHM), and experimental laser
energy versus time.

The only major change of pulse shape with H mole
2

fraction is that the pulse width increases at low H mole
2
fraction as indicated by the graph of FWHM in Fig. 39.
The calculated pulse shape is very similar to the experimental shape as shown in Fig. 40.

The experimental laser

pulse width is slightly less than the calculated pulse
width and the peak power occurs approximately 40 nsec
earlier.
Two related questions that the computer model can
help to answer are first, how does the amount of HF produced vary with mole fraction of H2 ; and second, how is
the amount of HF produced related to the laser energy output.

Beattie and co-workers (110) obtained experimental

data to help answer these questions by measuring energy
output from the SF -H discharge laser and by simultan6 2
eously determining the amount of HF produced in the
discharge.

The HF was analyzed by bubbling the laser gas

through a solution of NaOH until the pH became acidic.
The solution was then back-titrated with standard NaOH
solution.

This analytical method was not able to distin-

guish between HF produced during the laser pulse and
acidic species produced after the discharge.

Any F atoms

that remain after the laser pulse could react with H2 or
even with the water in the basic solution to form HF. The
and SF .
4
The SF 4 produced by this reaction and by reactions occurring
in the discharge reacts with water to form SOF 2 + 2HF (124).
SF

5

remaining could disproportionate to give SF

6
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The H atoms may either recombine to form H or react with
2
the sulfur fluorides to form HF.
Figure 41 contains a plot of the experimentally
measured HF concentration per joule of energy stored on
the capacitor bank.
Ref. 110.

This data was taken from Fig. 3 in

(Note that the left ordinate label in this

figure is in error.)

Also, plotted in Fig. 41 are the

calculated HF yield and two combinations of species that
could possibly account for the experimentally observed
HF yield.

The agreement of both of these combinations with

experiment is good at low H mole fraction; however, the
2
best agreement throughout the H2 mole fraction range
investigated is obtained with the combination that contains the H atom concentration.
Several conclusions can be made from the data
presented in Fig. 41.
1.

Less than half of the HF determined by the

acid titration analysis is actually produced during the
laser pulse and that fraction decreases with increasing
H2 mole fraction.
2. The computer model fairly accurately predicts
the amount of HF produced during the laser pulse.

3.

The H atoms produced during the laser pulse

contribute to the measured HF concentration possibly by
reacting with the lower sulfur fluorides to form HF after
the laser pulse is over.

4.

The amount of HF produced during the laser
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pulse is a maximum at H mole fraction near 0.17. This
2
maximum correlates well with the maximum laser pulse
(See Fig. 39.)

energy.

The statement in the fourth conclusion mentioned
above is further demonstrated and clarified by the graphs
plotted in Fig. 42 of reactants consumed, HF produced,
and laser photons per HF.
The most important methods of SF_ consumption are
0

ionization, dissociation, and electron attachment, all
of which may produce F atoms.

The H is most rapidly
2
consumed by reaction with F atoms or dissociation by

electrons.

The H consumed by ionization is rapidly
2
replenished by charge transfer to a more stable ion.
Note from Fig. 42 that the amount of HF produced is limited
at low H mole fraction by the low H concentration and
2
2
at high H mole fraction by the amount of F atoms produced
from SF

2

6

consumption.

The HF production is a maximum at

a mole fraction of H2 near 0.17. At this point there is
sufficient H for rapid reaction with the F atoms formed
2
in the discharge (See also Fig. 33.), and the mole fraction
of SF

is high enough that most of the electrical energy
6
produces F atoms by SF 6 consumption and is not dissipated
by dissociation and ionization of H2 .

The difference

between the curves for H consumption and HF production
2
roughly corresponds to the amount of H dissociated by
2
electron collisions.
Beattie and co-workers (110) attributed the

143

4,--r,----.---r-----:-----

,c

HF photons/HF molecule

oo;---n'~-~-;:;';;------:=1:---~'---J.'_J
o.,
0.2
0.3
0.4
o.~
Mole Fraction H

2

Figure 42.--Calculation of fuel consumed, HF
produced, and HF photons per HF molecule as functions
of H mole fraction.
2

144
decrease in energy output at high H mole fractions to
2
vibrational relaxation of HF by H,
The H atoms produced
1
C.

•

in the discharge are also very rapid deactivators of
excited HF.

The effect of vibrational deactivation by

these two species and of other effects that increase with
H2 concentrations can be seen from the graph in Fig. 42 of
HF photons per HF molecule. Note the decrease of HF
photons per HF molecule with increasing H2 mole fraction.
Some of this decrease may be due to ground state HF
produced by reaction of H with SF .

6

The rate of this

process in these computer runs was slow but not insignificant.

However, the rate coefficient used in these runs

was probably too high (See Appendix C and the discussion
of this reaction on P· 113.)

Another effect that decreases

laser efficiency is temperature rise.

The final temper-

ature achieved in these runs increased from 699°K at a
mole fraction of 0.042 to 786°K at a mole fraction of 0.5,
It may be concluded that the laser energy output closely
follows the amount of HF produced during the laser pulse.
However, approximately one third of the decrease in laser
output of H rich mixtures is due to decreased lasing
2
efficiency of the HF produced. As the H mole fraction
2
increased from 0.17 to 0.5 the laser output energy decreased 40 to 45%; the amount of HF produced decreased
28% and the "chemical efficiency" decreased 17%.
Since the laser energy output is limited by the
amount of HF produced which is in turn determined by the
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number of F atoms produced in the electrical discharge,
an investigation of the several different sources of F
atoms is appropriate.

Figure 43 shows how the rate of

production of F atoms by six different reactions changes
with mole fraction of H2 at 150 nsec into the discharge.
This time is near the peak of the input power (Fig. 38).
Note that the rates of all of these processes decrease
with H mole fraction,
2
The first reaction in Fig. 43, dissociation of SF 6 .
is the best source of F atoms since the rate of this
reaction is higher than the rates of other F atom producing
reactions.

It is also the most economical source of F

atoms.
Curve 6 in Fig. 43 was plotted to show what the
rate of production of F atoms from ion recombination
would have been if the products of ion recombination had
been SF 4 and atoms. In these runs the products of ion
recombination were actually the parent molecules.
Another possible source of F atoms is thermal dissociation of SF ; however, the rate of this reaction is
6
negligibly slow even if all of the electrical input energy
were deposited in molecular vibrations of SF .
6
Effect of electrical pulse length.--In order to
determine the effect of electrical pulse length, the electron temperature differential equation was replaced by a
constant electron temperature.

A differential equation was

added to the code that calculated the electrical energy
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Figure 43.- - Rate of F atom production at 150 nsec
versus H2 mole fraction.
l = SFh + e- +SF~+ F + e-.
2 = SF 6 + e- +SF~+ F + 2e3 - = SF~+ e- J + SF4 + F.
4 = F- +A++ F +- A· 5 = SFh + e- +SF§+ F.
6 = ion-ion
recombination if products haa been SF4 and atoms.
(In
these runs ions recombined to parent molecules.)
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deposited in the gas mixture by all elastic and inelastic
electron collision processes.

Thjs reduced the computer

computation time and also made it possible to obtain
electrical pulses of varying lengths by setting the electron temperature at some value until a predetermined
amount of electrical energy had been deposited in the
gas.

The electron temperature was then set to a low

level, and the electrical energy deposition was thereby
terminated.
This method was used to calculate the effect on
laser energy output of depositing approximately 150 J/1 of
electrical energy into a gas mixture consisting of 100
torr SF
nsec.

and 10 torr H2 in times varying from 64 to 400
6
Some of the results of these calculations are

shown in Fig. 44.

Note that the peak laser power increased

by more than a factor of 2 and that the pulse width decreased by about the same factor as the electrical pulse
length was shortened from 400 to 64 nsec.

Over this same

range the total energy output did not vary more than 15%.
This variation would have been even less had the integration proceeded until lasing had ceased.

(Lasing was still

occuring when integration terminated for some of the runs
with long pulse lengths.)

The difference in the form of

the curves for efficiency and energy is due to a variation
of a few percent in the actual amount of electrical energy
deposited in the gas.
It may be noted that the variation of fuel (SF6

148

8

4-

200
300
Electrical Pulse Len;th (nse_c)
100

. 400

Figure 44.--Calculated laser energy, peak laser
power, electrical efficiency, and pulse width (FWHM) versus
time. SF 6 pressure• 100 torr. H2 pressure= 10 torr.
Input energy= 150 J/1.
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and H ) consumption with pulse length was less than a few
2
percent.
Effect of altering several other parameters.--A
number of other parameters such as input energy, pressure,
values of rate coefficients, and the products of ion
recombination were altered.

The results of some of these

changes are summarized in Table 7,
Table 7
The Effect of Altering Parameters
Run 0

Run 1

Run 2

Run 3

Run 4

sF 6 (torr)

100

200

100

100

100

H2 (torr)
Input Energy (J/1)

20

40

20

20

20

255

510

255

255

255

Output Energy (J/1)

8,97

19.96

16.57

>22

11.81

Peak Power (MW/1)

57.78

122.9

104,3

161.5

65,60

FWHM (nsec)

143

152

152

"'16 8

171

SF

4.8

4.9

5.1

>10

4.4

1. 63

3.11

2.08

3,31

1.74

Consumed ( %)
6
Rate of F Production at 150 nsec
(moles/cm 3 -sec)
Peak Te (1000°K)
Photons/HF

47.31

44.43

46,30

44.56

47,19

0.85

0,97

0.98

'vl. 1

1.21

Electrical Eff (%)

3.52

3.91

6.50

>8.6

4,63

Run 0 is the "standard" run discussed earlier (Fig.
31--38 and Table 6), and the other runs are those with
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altered parameters.

Run 1 shows the effect of doubling

both the input power and gas pressure.

Note that both

the laser output energy and the peak power increased by
more than a factor of two.

The lower electron temperature

that results from the enhanced reaction rates at higher
pressure is apparently a more efficient temperature for
producing F atoms.

Scaling of input energy and pressure

in this manner may be physically difficult due to electrical discharge instabilities; however, there appears to be
no chemical reason that would prevent scaling of output
energy with pressure.
Run 2 shows the effect of allowing positive and
negative ions to recombine to SF 4 molecules and F atoms
instead of to the parent molecules. This change nearly
doubled the laser power and energy although the rate of
F atom production only increased 25%.

Since a large

fraction of the exothermicity of ion recombination was
channeled into S-F bond rupturing, the temperature rise
was less.

The lower temperature enhanced lasing by

decelerating the rates of HF relaxation processes and by
allowing more lasing on partial inversions.

The actual

products of ion recombination are not known and need to
be experimentally investigated since they play an important
role in this laser; however, the results of the computer
model are in better agreement with experiment when the ions
recombine to parent molecules only.
One of the least reliable rate coefficients is the
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important coefficient for the SF
by electron impact,

6

dissociation reaction

The results of Run 3 were obtained

by increasing this coefficient by ten times.

The effect

of this change was to greatly increase the laser energy
and power as well as the fuel consumption.

These results

are much larger than the experimental results which indicates that the initial rate coefficient used was more
accurate.
In Run 4 two changes of rate coefficients were
made 1 both of which would tend to enhance lasing,
rate coefficient for reaction of H atom with SF
was corrected to be virtually zero.
is 30 kcal/mole.)
attachment of SF

6

The
and SF

(Activation energy

5

The rate coefficient for dissociative

6 was changed by using the data of Hickman

and Fox (126) to obtain the reaction cross section.
Their data indicates that the cross section for this
reaction is nonzero out to 1.5 eV.

The effect of these

changes was to increase laser energy and power.
Effect of assuming Maxwellian distribution of
electron energies.--rnorder to assess the effect of
assuming a Maxwellian distribution of electron energies,
the energy distribution function was calculated for
several different discharge conditions.

The steady-state

Boltzmann equation for electrons was solved numerically
by using a computer code written by Andrew Locket of the
Los Alamos Scientific Latoratory (138).

The code was
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originally written to calculate the electron energy distribution function and rate coefficients for a CO
system by using the method of Nighan U39 ).

2

laser

The code was

adapted to the SF 6 -H 2 discharge system by inclusion of
the reactions and energy transfer cross sections listed
in Appendix C, Table 11.
are graphed in Fig. 30.

Some of these cross sections
The distribution was assumed to

depend only on E/P (electric field/pressure) and the
species in the discharge.

The distribution function was

assumed to be independent of time and electron density.
The calculation was made for discharge conditions near
the peak of electrical input power.

(See Fig. 38.)

The

concentrations of the species in the discharge were those
obtained from the "standard" computer run with initial
pressures of SF
tively.

and H of 100 torr and 20 torr respec6
2
(See Figs. 31--38 and Table 6.) All sulfur

fluorides were included in the SF
was included with H
2
tion function.

concentration and HF
6
in the calculation of the distribu-

Figure 45 shows graphs of calculated distribution
function for an electric field of 18000 V/cm and the
Maxwellian distribution function at the calculated maximum
electron temperature achieved.

(See Table 6 and Fig. 36.)

Note that the 18,000 V/cm distribution function does not
vary from the Maxwellian distribution function by more
than a factor of 2 from Oto 30 eV.

The depression in the

calculated distribution at low electron energies is due

100 -----~r----,,----,----,---'::::a

Maxwell Ian ( T = 4.075 eV)
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Figure 45.--Comparison of Maxwellian distribution
function (Eq. 5-4) with distribution function calculated
from steady state Boltzmann equation.
Conditions are from
"standard" run at maximum electron temperature (Table 6
and Fig. 36).

154
to vibrational excitation of SF , and the fall off at high
6
electron energies is due to large cross sections in that
region of several ionization and dissociation reactions.
The effect of the calculated distribution function
on several of the important reaction rates is shown in
Table 8.

Note that the largest deviation from the

Maxwellian rate coefficients is again approximately a
factor of 2 for H2 dissociation reaction which has a
large cross section in the region of the "hump" of the
calculated distribution function.
The assumption of a Maxwellian distribution function was apparently a good assumption since rate coefficients vary at most by a factor of 2 from Maxwellian
and the two important reactions of dissociation and
ionization of SF 6 are within 10% of the Maxwellian rates.
The calculated distribution function would have been
even closer to Maxwellian had the effect of electronelectron collisions been included in the Boltzmann
equation.
Conclusion
The computer model of the SF -H 2 electrical dis6
charge chemical laser has been shown to give reasonably
accurate results.

The calculated variation of laser

energy output with H mole fraction was in excellent
2
agreement with experiment and the predicted HF production
also compared well with experiment.

The calculated laser
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Table 8
Comparison of Rate Coefficients from
Calculated and Maxwellian
Electron Energy
Distributions
Reaction

Ratiob

Maxwellian
Rate Coef .a

Electric Field (kV/cm)

+ e6 + e-

16

18

20

SF*
6

4.00

X

101 6

1.153

1.160

1.160

+ e- + SF
6 + F + e- 5

3,31

X

1011t

1.078

1.070

1. 066

SF,..+ e + SF~
o+ F + 2e-'

3,30

X

10 14

0.661

0,976

1.355

1.25

X

10 14

0,598

0.602

0.593

1.15

X

1015

2.105

2,330

2.255

H2 + e + H+2
2e+

1. 47

X

1014

].594

2.140

2.738

H + e + H+
+ 2e-

2.12

X

10 14

1.191

1.530

1.886

SF
SF

+

-

SF

6

+ e-

H2 + e
+ e

-

-

SF

+
+

2H

6

aRate coefficient in cm 3 /mole-sec for Te= 47,310°K
See Table 12, Appendix C.
0Ratio of calculated rate coefficient to Maxwellian
rate coefficient for three values of the electric field.
The cross sections used in these calculations are given
in Table 11, Appendix C. The measured electric field was
near 18 kV/cm.
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pulse shape was very similar to the experimentally observed shape.
The model demonstrated that the energy output from
this type of laser depends strongly on the amount of HF
produced during the laser pulse.

The HF production rate

is limited at low H mole fraction by the low H con2
2
centration and at high H mole fraction by the dissipation
2
of electrical energy by dissociation and ionization of
hydrogen.

Vibrational relaxation of HF and temperature

rise also play significant roles in determining laser
output energy and laser pulse shape.
There are several reactions that contribute
significantly to the rate of F atom production, the most
important of these is the dissociation of SF
impact.

by electron
6
The optimum energy deposition rate occurs at an

electron temperature near 4 eV where the rate of S% dissociation is high compared to the rates of competing
reactions.
The results of this study indicate the need for
additional information in several areas.

First, more

accurate rate coefficients are needed for several reactions such as the SF

6

dissociation by electron impact.

Second, the products of ion recombination need to be known.
Third, it may be that there are significant reactions that
were ignored in the model.

The chemistry (especially the

ion chemistry) of SF 6-H 2 mixtures needs to be studied
further.

APPENDIX A
RATE COEFFICIENTS USED IN THE COMPUTER
MODEL OF LASER-INITIATED
REACTIONS OF N F
2 4
The following table contains a list of the rate
coefficients used in the computer models of both the
laser-induced dissociation of N2F 4 and the laseI'-initiated
reaction of N2F4 with H2 .
The rate coefficients for the reverse reactions
employed in all computer models were obtained from
(A-1)

where kf and kr are the rate coefficients of the forward
and reverse reactions, and Ke is the equilibrium constant.
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Table 9
Rate Coefficients of the Computer Model of LaserJnitiated N2F 4 Reactions
No.

Reaction

Rate Coefficienta

Ref.

10J. 5 T 1 /

71

N2F4 + Ar + 2NF 2 t Ar
N2F4 + M + 2NF 2 + M
(M = all species except Ar)

kl

= 1.5

k2

= l.8k 1

3

NF 2 + M +NF+ F + M
(M ~ all species)

k

4

NF 3 + M + NF + F +
2
(M = all species)

k4

= 6.2

X

10 21 T- 2 exp(-58,106/RT)

5

NF+ M + N + F + M
(M = all species)

k5

= 6.2

X

l.0 2 1 T- 2 exp(-72,284/RT)

6

NF+ NF

k6

= 2.5

X

10 13

7

N2F2 + M + N2 + F 2 t M
(M = all species)

k7

=

8

NF2 + H2

1
2

2

+

+

M

N2F2 + F

HNF 2 + H

X

= 1.62
3

2

exp(-15,200/RTv)

71

X

10 13 T 112 exp(-47,838/RTV)

74

00

12
exp(-25,000/RT)
k"0 • 5 x 10

I-'

Vl

co

Table 9--Continued

No.
9

Rate Coefficienta

Reaction

NF 2 + F

NF

➔

2

3

+ F

k

10

NF

HF(v) + NF
2
(v = O, ~ and 2)

11

NF

12

NF+ H

13

N F + H ➔ HF(v) +NF + F
2 4
2 2
(V = O, 1, and 2)

14

2N

15

F

16

F

3

+ H

➔

+ H

➔

140

klO = 2 x 10 14 exp(-13,170/RT)

HF(v) + NF
( v = O, ~ and 2 )

2

HF(v) + N

➔

( v = 0, 1, and 2)

2
2

+ M

kl4 = 3

+ M
(M = all species)
N

➔

2

2F + F 2

k

+ M ➔ 2F + M
(M = all species except

k

+ F

2

➔

F )
2

X

10 14 exp(-1,000/RT)

141

15

=

1.0 x 10 14 exp(-34,900/RT)

142

16

=

3.57 x 10 13 exp(-34,600/RT)

142
143

17
18

9

= 4.8 x 10 12 exp(-14,400/RT)

Ref.

2H + H

➔

H2 + H

143

I-'

\Jl
\0

Table 9--Continued
Rate Coef'ficient a

No.

Reaction

19

2H + M -+ H + M
2
(M = all species except
Hand H )
2
HF(v) + M -+ H + F + M
(M = all species, v = Oto 8)

kl9 = 0.4k 17

21

H2 (0) + F

-+

HF(O) + H

k21

22

H2 (0) + F

-+

HF(l) + H

k22 = 2.0k 21

143

23

H2 (0) + F

-+

HF(2) + H

k23 = 6.833k 21

143

24

H (0) + F
2

-+

HF(3) + H

k24

25

H (0) + F
2

-+

HF(4) + H

k25 = 4.0

X

10 12To.1s exp(-3000/RT)

143

26

HF(5) + H

-+

H (0) + F
2

k26 = 1.2

X

10 l 3T O •

143

27

HF(6) + H

-+

H (0) + F
2

k27. = k 26

143

28

HF(7) + H

-+

k28 = k26

143

29

HF(8) + H

H (0) + F
2
H~(O) + F

20

-+

C.

k

143

= 1.333 x 10 18 T- 1 exp(-[135.9-Ev]/RT)
20
(E v = vibrational energy of HF(v) in
kcal/mole)

k L.;,
"ln

= 1.2xl0 13 exp(-1600/RT)

= 3.4167k 21

:::

k')r
LO

Ref.

143

143

143

l 5

143

I-'

0\

0

Table 9--Continued
No.

Rate Coefficienta

Reaction

10 12 exp(-2300/RT)

Ref.

30

H + F2-+ HF(0) + F

k30

=

3

31

H + F

-+ HF(l) + F

k31

=

2k30

143

32

H +

F2 -+ HF(2) + F

k32

=

3k30

143

33

H + F2 -+ HF(3) + F

k33

=

16/3k

34

H +

-+ HF( 4) + F

k34

=

7k30

35

H + F2 -+ HF(5) + F

k

=

34/3k

36

H + F2 -+ HF(6) + F

k36

=

31/3k

37

HF(v) + H -+ HF(v-1) + H2
2
(v = 1 to 8)

k37

=

V

X

1oi.T2.oe

143

38

HF(v) + H -+ HF(v-1) + H2
(v = 1 to 8)

k38 =

c:.

r .

x 10 12 exp(-1000/RT)

143

39

HF(v) +HF-+ HF(v-1) + HF
(V = 1 to 8)

k1q

V

X

HF(v) + F -+ HF(v-1) + F
(v = 1 to 8)

k40

40

F

2

2

35

=

- + 1.0
=

X

X

1.5

143

143

30

143

5

143

30

143

30
X

ioi..31 X T2,3
10 1 3 X T-o. i.
X

10 l

O

exp(-1100/RT)

143
143

f--'

0\

f--'

Table 9--Continued

No.

Rate Coefficienta

Reaction

Ref.

41

HF(v) + M ~ HF(v-1) + M
(M =He+ Ar+ F , v = 1 to 8)
2

42

HF(v) + HF(v) ~ HF(v-1) + HF(v+l)
(v = 1 to 7)

k42 = v(v+l) x 1.0 x 10 8 x T 1 •

43

HF(v) + HF(v+l)
+ HF(v+2)
(v = 1 to 6)

k 43 = v(v+2) x 5.0 x 10 7 T 1

44

HF(v) + HF(v+2)
+ HF(v+3)
(v = 1 to 5)

45

HF(O) + H2 (1)

~

HF(l) + H (0)
2

k45

46

HF(l) + H (1)
2

~

HF(2) + H (0)
2

k46 =

47

HF(2) + H2 (1)

+

HF(3) + H (0)
2

k47

143

48

HF(O) + H (2)
2

+

HF(l) + H (1)
2

k 4g

143

49

HF(l) + H (2)
2

+

HF(2) + H (1)
2

k49 = k4g

143

50

H (v)
2

(v

+ H
= 1

2

+

H

or 2)

2

~

HF(v-1)

~

HF(v-1)

(v-l) +

H

2

143

•

5

5

143
143

143
143
2

X

10 6 T 1 '

5

143

143

I-'

CJ'\
I'\)

Table 9-- Continued
No.
51

Reaction
H2 (v) + M + H (v-1) + M
(v = 1 or 2f
(M = all spaces except H2

k51 =

V X

Rate Coefficienta

Ref.

10--T-· 3

143

2.5

X

a.rhe rate coefficients are expressed in units that are compatible with seconds for
time and moles per cubic centimeter for concentration.
0 The rate coefficient was estimated. The reference listed is the source of the
reaction enthalpy change which was used as the activation energy in the rate coefficient.
cThis is actually the rate coefficient for the reaction 2NF

+ N

2

+ 2F.

dThis coefficient was obtained from the coefficient of Reaction 9 of this table
by using the reaction enthalpy change (77) for the activation energy.
eThe reaction was assumed to give equal quantities of HF in the lowest three
vibrational states.
fRate coefficient was assumed to be the same as for Reaction 10 of this table.

APPENDIX B
RATE COEFFICIENTS USED IN THE COMPUTER

MODEL OF THE LASER-INITIATED
REACTION OF SF

6 WITH H2

The following table contains a list of rate coefficients used in the computer model of the laser-initiated
reaction of sF

with H . Also, included in this model
2
were Reactions 17 through 29 and 37 through 51 of Table 9,

6

Appendix A.
The vibrational relaxation rate of SF
the collision partner.

6

depends on

(See discussion of SF 6 vibrational
relaxation in text of Chapter IV.) The relaxation time
used in this model for SF

6

by SF

PT~F ) = exp(l5,9T- 1 /

6

and for SF

6

3

6

was

-

2.86) µsec-atm

(A-2)

by H it was
2
(A-3)

Equation A-2 was obtained from the data of Ref. 95, and
Eq. A-3 was obtained from Ref. 49.
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Table 10
Rate Coefficients of the Computer Model of the LaserInitiated Reaction of SF with H
6
2
Reaction

No.
1

SF

6

-+

5

-+

SF

5

+ F

k_
l.

2

SF

3

SF, + H

-+

HF(O) + SF

4

SF

+ H

-+

HF(O) + SF

5

SF

b

5

5

SF

+ SF

Rate Coefficient

-+

SF

4

+ SF

pO.lt6/4.57

X

10 12 •

95

(P = pressure(atm)> E
kcal/mole)
a

k2

=

k

5

k3

=

2

4

k4

=

k

6

k5

=

10 1 1 •

4 + F

5

=

with E

1
X

a

=

X

=

a

Ref.
exp(-E-CL /RT)

75.920

66.18 kcal/mole

1015 exp(-30>000/RT)

V

91b

91C

93
93d

3
5

exp(-15>900/RT)

144

a

The rate coefficients are expressed in units that are compatible with seconds for
time and moles per cubic centimeter for concentration.
b

This coefficient was obtained from the data of Ref. 91 in the pressure region
between 0.13 and 0.16 atm.
C

This coefficient was obtained from the coefficient of Reaction 1 of this table by
using the reaction enthalpy change (72) for the activation energy.
dThis coefficient assumed to be the same as the coefficient of Reaction 3 of this
table.

I-'

0\
\.Jl

APPENDIX C
REACTION CROSS SECTIONS AND RATE COEFFICIENTS
USED IN THE COMPUTER MODEL OF THE
SF6-H 2 ELECTRICAL DISCHARGE
CHEMICAL LASER
In the computer model of the SF -H electrical dis6 2
charge chemical laser (Chapter V), reactions involving ions
and electrons as well as reactions between neutral species
were included.

The rate coefficients for reactions of

neutral species are summarized in Appendix B with two
exceptions.

First the rate coefficients used for Reactions

3 and 4 in Table 9 were the same as the measured rate
coefficient of the similar reaction of H with NF . (See
3
Reaction 10, Table 9, Appendix A.) Second, the fast vibration relaxation time of SF
in this model.

by H (Eq. A-3) was not included
2
0
The relaxation time for all species was

assumed to be given by Eq. A-2.
The rate coefficients for reactions involving
electrons were obtained from reaction cross sections by
assuming a Maxwellian distribution of electron energies.
(See discussion in test.)

A list of the cross sections used

is given in Table 11.
The rate coefficients for all reactions involving
electrons or ions are listed in Table 12.
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Table 11
Cross Sections of Electron Processes

1

SF

6 + e
+ e-

2

SF

3

SF

4

SF 6 + e

5

Cross Section(cm 2 )

Reaction

No.

6

6 + e

-

SF 6 + e + 2e-

-+

SF

6

(11
CJ.,

.l.

-+

SF

-+

SF

-+

SF

= 3.6
=0

10- 15

X

Energy Range(eV)

Ref.

u = 0 to O.ll4

128

u

> 0.114

5+ F

C1 2

=

cr 1 /109

130

5

CJ 3

=

cr 1 /100

119

(J

4

=

0

(J

4 = 2.39

5

+ F+ F + e-

X

10- 16 A exp(-8.78A)

u

= 0

u

> 5

to 5

120

A= log u - log 5
-+

SF+ + F
5

(J

5 = 0

CJ 5

= (0.07[U

CJ 5

=

CJ 5

= (O.lO[U
X 10- l 6

CJ 5

=

(0.18[U
X 10- 16

-

17. 3])

X

10- 16

u =
u=

Oto 17.3
17.3 to 20

-

20] + 0.2)

u = 20 to 30

-

30] + 2.0)

u

=

u

= 50 to 100

(0.0045[U - 50] + 4.0)
X 10- 16

30 to 50

127a

'

Table 11--Continued
No.

Reaction

Cross Section(cm 2 )
06 =

0

06 = 4.11
A= log

7

07 =

U -

H

+ e-

2

~

2H

+

e

-

10- 16 A exp(-2.0A)

Ref.

U =Oto 15.85

133

U = 15.85 to 101t

log 15.85
U

0

07 = 1.6

8

X

Energy Range(eV)

10- 16 A exp(-l.1A 2 )

X

=Oto 13.5

134

U = 13.5 to 10 3

A= log U - log 13.5
Og

= 0

08

=

U = 0

8.0

10- 16 A exp(-4.0A)

X

U =

to 8.7

146

8.7 to 100

A= log U - log 8.7
9

SF

10

H

11

SF

2

6

momentum transfer

o

9

= 7.14

X

10- 15

U > 0

momentum transfer

U > 0

vibrational
6
excitation
O~~

.L.L

=

7

=

1.4 X 10- 15 /U 1 /
(estimated)

X

U =Oto 4

10- 16
2

U >

4

I-'

O'\

a:>

Table 11--Continued
asee also Ref. 145
bThis cross section was assumed to be the same as the gas kinetic cross section
for sF -sF collisions.

6

6

cThis cross section was assumed to be the same as the electron-H~ collision
cross section.
c.

I-'

0\
\0

Table 12
Rate Coefficients of Reactions Involving
Electrons and Ions
--=,.-=:==-==============l============<================t=====

No.
1

SF

2

SF

3

SF

4

SF

5
6

Rate Coefficienta

Reaction

= 2.32

+ e

-+

SF

6 + e

-+

SF- + F
5

k2 = k 1 /109

+ e

-+

SF

k3 = k 1 /100

6

6

k

6

5

+ F-

+ F + e
5
SF 6 + e -+ SF+ + F + 2e5
A++ B--+ A+ B
6

+ e

-+

SF

SF 5 , H 2 , H
B = SF 6 , SF , F
5
A=

1

236,3/(T -2,287)
e
(for Te> 5,000°K)

SF~+ e
'.:>

-+

SF

4

X

X

1015 exp(-56,400/T)
e
1016 exp(-236,850/T)
k5 = 5,55 X
e
22
2
k5 = 3,36 x 10 (2w-w )
T3/2M
r
w = 1 - 2/A 2 (1 - [A+ l] exp[-A])

k4

=

1.12

X

136

A= 485.8 x P(atm)/T
M

r

7

1016

Ref.

+ F

=

reduced mass of A and B in a.m.u.
I-'

--..J
0

Table 12--Continued
No.

8

9

Rate Coefficienta

Reaction

A + B -+ A + B
(A, B = SF , SF , F)
5
6
C+ + D-+ C + D+
(C, D = H2 , H, SF )
5
-+ H + H + e

10

kg= 1.94 x 10 1 ~T 1 /

2

/Mr 1 /

Ref.

2

(estimatedd)

k

10

=

1

X

10 16 exp(-100,000/T)
e

=

1

X

10 16 exp(-195,000/T)
e

11

k

12

kl2 = 1.11

11

X

10 l

6

exp(-182,888/T )
e

134

b

aThe rate coefficients are expressed in units that are compatible with seconds for
time and moles per cubic centimeter for concentration.
iJ
C

Coefficients were obtained from the cross sections listed in Table 11.

+

Coefficient was assumed to be the same as the coefficient for N2 + e

-+ 2N.

l

dThe exothermic reaction was assumed to proceed at collision rate for 10
collision diameter. The reverse reaction rate coefficient was obtained from the forward
rate coefficient and the equilibrium constant (Eq. A-1).
I-'

--.:i

I-'
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REACTIONS OF N2F4 AND SF6 WITH H2 INDUCED

BY CO2 LASER PULSES AND BY
ELECTRICAL DISCHARGE
John L. Lyman
Department of Chemistry
Ph.D. Degree, April 1973
ABSTRACT
A high power pulsed CO 2 laser was used to induce
reactions in gas mixtures containing either N2F4 or SF6.
The rate of laser induced dissociation of N2F4 to NF 2 was
as much as 1000 times faster than the thermal rate, and
the rate law was of lower order than the thermal, bimolecular rate law. Explosion threshold and induction time data
were obtained for butene stabilized mixtures of N2F4 and
H2. HF laser gain was observed during the first few
microseconds of co 2 laser pulse, but it was strongly
quenched by the explosion. The laser driven reaction of
SF6 with H2 also exhibited HF laser gain at early times
and laser energy threshold for reaction. All of the laser
induced reactions studied occurred at rates that were
faster than the rates of thermal reaction. This accelerated reaction rate was attributed to nonthermal vibrational excitation of the reactants.
A computer model of the SF 6-H 2 electrical discharge
chemical laser was employed to gain a better understanding
of the fundamental processes that occur in this laser.
Good agreement with experimental results were obtained, and
several suggestions for fA1rther study were made.

